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ABSTRACT: Platinum nanoparticles are widely used in electrocatalysis and
sensors. In this work, a novel modified carbon paste electrode based on PANI-
TiO,/Pt nanocomposites was developed electrochemically. To improve the
performance of the PANI-TiO,/Pt composite-modified electrode, a Taguchi
orthogonal array was used for experimental design, and the best values of factors
affecting the performance were determined using the technique for order
preference by similarity to ideal solution (TOPSIS) and Taguchi optimization
methods. The electrochemical catalytic activities of the PANI-TiO,/Pt composite-
modified electrode on the oxidation of nitrite was calculated by electrochemical
analysis. The experimental results demonstrate that the PANI-TiO,/Pt electrode
has pretty excellent electrocatalytic ability for the oxidation of nitrite. The sensing
performances of the proposed electrode were evaluated, including linear detection
range, sensitivity, LOD, selectivity, and stability for nitrite sensing.
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1. INTRODUCTION

In recent years, water and air pollution due to human survival
activities has become one of the most serious problems in the
world. The main water pollutants such as nitrite and ammonium
salts can be produced by human activities and industrial
wastewater from chemical fertilizer plants or metal plants.'
Generally, nitrite can be produced by industrial wastes or
polluted rainwater due to environmental pollution, which has
become one of the major challenges in the world recently due to
human activities. Nitrite is one of the toxic substances present in
foods, such as fish, meat products, and vegetables, which has a
great impact on human life and health. When nitrite ions enter
the body, they bind to blood hemoglobin to form
metahemoglobin, causing it to lose its oxygen-carrying capacity.
It also combines with amines and amides of the digestive argan
to produce the carcinogenic nitrosamine compound.” There-
fore, an accurate measurement of the nitrite concentration is
very important for protecting human life and health. So far,
various methods of detecting nitrite, such as chromatography,
spectrophotometry, and electrochemical analysis, have been
developed and used.”* Among these methods, the detection of
nitrite ions by electrochemical sensing electrodes is a major
candidate for nitrite detection due to its high sensitivity,
selectivity, and fast response time.”

In recent years, there have been many studies on the
development and practical application of amperometric sensing
electrodes based on the oxidation or reduction of nitrite ions.’™
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Nitrite sensing methods based on the selective reduction of
nitrite to ammonia using noble metals and transition metal—
based catalysts and their compounds (Cu nanoparticle anchored
on a TiO, nanobelt array on a Ti plate (Cu@TiO,/TP),"" Ag
nanoparticle—decorated TiO, nanoribbon array on a Ti plate
(Ag@TiO,/TP),"* CoP nanoparticle—decorated TiO, nano-
ribbon array on a Ti plate (CoP@TiO,/TP),"* Ni nanoparticle
supported on a molasses-derived carbon sheet)'* have been
proposed.’

The synthesis and catalytic properties of many materials with
electrocatalytic properties used in electrochemical sensing have
been studied. For example, 2,3-diaminophenazine hydro-
chloride for cyanide detection in water,"> Ag nanoparticles for
nitrite detection,'® Cu—Co/rGO nanocomposites'~ and CuS-
based nanocomposites'® for glucose detection, and rGO/
ZnFe204 nanocomposite for efficient photocatalytic improve-
ment of methylene blue'” have been proposed.

Among the synthesis methods of these catalytic materials,
especially those used for electrochemical sensing, electro-
chemical synthesis has received much attention. Several catalytic
materials, such as polymer-coated Au nanoparticle/black
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phosphorus nanocomposite for electrochemical sensing of
pefloxacin,”™ a@-zirconium phosphate supported on nitrogen-
doped graphene nanosheets (@-ZrP/NG) for the detection of
levofloxacin,”' UiQ-66/carboxylated multiwalled carbon nano-
tube composites (UiO-66/MWCNT-COOH) for gatifloxa-
cin,”* and a zirconium-based metal—organic framework UiO-
66/nitrogen-doped grapheme nanocomposite for marboflox-
acin,” have been synthesized by electrochemical synthesis.

In particular, modified electrodes based on conducting
polymers, including polyaniline, polypyrrole, and polypheny-
lene, have received great attention in the development of sensing
electrodes using them because of their ability to prevent surface
contamination and improve the electrochemical properties of
the electrodes.”* Among the conducting polymers, polyaniline
has been widely used as a modified material for sensors because
of its good electrical conductivity, electrochemical catalytic
activities, ease of synthesis, and low cost. Synthesis methods for
improving the properties of PANI have been reported.”*
Recently, several PANI-based composites with metal nano-
particles (Au,> Pt,>**” Cu,*® and Pd*®), carbon materials
(CNT,>**' GO),’” and metal oxides (WO,;)*’ have been
developed and utilized for the electrochemical oxidation or
reduction of nitrite.

Among the synthesis methods of conducting polymer-based
composites, the current interest is electrochemical synthesis.
The electrochemical synthesis method has the advantages of
having less reagent consumption and ease of control of the
synthesis process by adjusting the electrical parameters
compared to the chemical synthesis method.

The Taguchi optimization method has been applied to
determine the reasonable composition and/or process param-
eters for improving the performance. Rezazadeh et al.**
synthesized GO/PANI and GO/EDA nanomaterials by
chemical method and determined the reasonable parameter
values, such as the pH of the solution, stirring speed, reaction
time, added salt additive amount, and the amount of donor
phase, in order to determine the optimal parameters for
improving the performance. Wang et al.”> employed PANI for
the solid-phase microextraction of determining benzenes in the
samples and optimized the parameters using the Taguchi
method. Zahed et al.* fabricated an electrochemical anticancer
drug S-fluorouracil (S-FU) sensor based on the Ag/PANI
nanotube (AgNPs@PANINTs), and the AgNPs@PANINT
nanocomposite was produced under optimal conditions
obtained from the Taguchi method for a considerable
electrocatalytic activity of AGNPs@PANINTS.

Although previous works applied the Taguchi method to
optimize the material composition and fabrication process, they
optimized individual performance response but did not optimize
multiple performance responses simultaneously. It resulted in
inconsistent optimal compositions and process parameters
according to the individual performance responses. Therefore,
it is very important to apply an effective method to optimize
multiple performance responses simultaneously and not
individually.

In this work, a novel composite containing PANI and Pt, TiO,
nanoparticles were synthesized on the surface of the carbon
paste electrode by an electrochemical method.

In general, conductive polymer—based nanocomposite is
synthesized by preparing nanosized conductive polymers with
various metal oxide nanomaterials or by the incorporation of
nanometal or carbon nanomaterials into the conductive polymer
and used in electrochemical sensors.

The proposed material is a composite that combines the redox
catalytic properties of PANI, nanostructured properties of nano-
TiO,, and catalytic properties of Pt and exhibits excellent
catalytic properties for the electrochemical detection of nitrite.

To improve the performance of the PANI-TiO,/Pt
composite—modified electrode, a Taguchi orthogonal array—
based experimental design was conducted, and the best values of
the main factors affecting the performance were determined
using the TOPSIS and Taguch optimization methods. The
electrochemical performance of the proposed modified
electrode was studied using an amperometric sensor with a
three-electrode (3E) system.

2. METHODS

2.1. Manufacturing Method of PANI-TiO,/Pt Compo-
siteModified Electrode and Its Characterization Method.
2.1.1. Reagents and Materials. Aniline (99%), K,PCl;,
nanoTiO,, and PBS (6.86pH) were of analytical grade. These
reagents were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). In all experiments, deionized water
was used.

2.1.2. Apparatus. All the electrochemical experiments were
conducted with a MEC-16 multifunction electrochemical
analyzer. A 3E system with CPE modified with the PANI,
PANI-TiO,, PANI-TiO,/Pt composites was used as the
working electrode (WE), Pt electrode was used as the counter
electrode (CE), and Ag/AgCl electrode was used as the
reference electrode (RE). SEM was performed by using a
Hitachi S-3000H scanning electron microscope. EIS measure-
ments were performed using an IM6ex ZAHNER. The
amperometric experiments were performed using a CHI627A
potentiostat.

2.1.3. Preparation Method of PANI-TiO,/Pt Composite—
Modified Carbon Paste Electrode. Prior to modification, the
CPE electrode was polished with a polishing paper and then
washed with deionized water (DW) and ethanol. Nano-TiO,
was added to the aniline monomer solution and then
ultrasonically dispersed for 30 min. Then, the monomer solution
was placed in the reaction vessel, and nitrogen was blown into
the solution prior to electropolymerization (EP).

The EP of aniline was performed by continuous scanning
using CV consisting of a 3E system. This electrode was then
rinsed with DW and dried at room temperature. Pt nanoparticles
(PtNPs) were modified by potential cycling (PC) at potentials
of 1.2~—0.5 V. Then, they were washed with DW and ethanol to
remove the loosely attached PtNPs on the electrode surface,
followed by drying.

2.2. Experimental Design Method for Improving the
Performance of PANI-TiO,/Pt Composite—Modified
Electrode. The main factors affecting the performance of the
PANI-TiO2/Pt composite—modified electrode are as follows:

e concentration of K,PtCl¢ solution (mM),
e addition amount of nano TiO, (mg),

e concentration of anline solution (M),

e concentration of HCl solution (M),

e CV scan rate (V/s) for electropolymerization of aniline,
and

e CV scan number for electropolymerization of aniline.
From among these six factors, the concentration of K,PtCly

solution, which is an expensive material, was maintained at a
constant value (1 mM), and the other five factors were selected
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ACS Omega 2024, 9, 30583—-30593


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

as controllable factors. The five factors and their levels are listed
in Table 1.

Table 1. Five Factors and Their Levels

controllable factors symbol levels
1 3
addition amount of nano A 0.3 0.4 0.5 0.6
TiO,, mg
concentration of aniline B 0.08 0.10 0.12 0.14
solution, M

concentration of HClI solution, M C 0.8 1.0 1.2 1.4
CV scan rate, V-s™* 006 008 0. 0.12
CV scan number E 15 20 25 30

o

Since the number of selected factors is 5 and the number of
levels is 4, Taguchi orthogonal array L;(4°) (OA L16) was
selected for the design of experiment. The five controllable
factors, were, respectively, assigned to each column of OA L16.
Table 2 summarizes the experimental design using OA L16.

Table 2. Experimental Design Using OA L16

trial no. A (mg) B (M) C (M) D, (Vss7h) E
1 0.3 0.08 0.8 0.06 15
2 0.3 0.1 1 0.08 20
3 0.3 0.12 1.2 0.1 25
4 0.3 0.14 1.4 0.12 30
S 0.4 0.08 1 0.1 30
6 0.4 0.1 0.8 0.12 25
7 0.4 0.12 1.4 0.06 20
8 0.4 0.14 1.2 0.08 15
9 0.5 0.08 1.2 0.12 20
10 0.5 0.1 1.4 0.1 15
11 0.5 0.12 0.8 0.08 30
12 0.5 0.14 1 0.06 25
13 0.6 0.08 1.4 0.08 25
14 0.6 0.1 1.2 0.06 30
15 0.6 0.12 1 0.12 15
16 0.6 0.14 0.8 0.1 20

For evaluating the performance of the PANI-TiO,/Pt
composite—modified electrode, we selected three performance
responses (PRs): sensitivity (S), current value of the oxidation/
reduction peak (CORP), and charge transfer resistance (CTR).
Among the three responses, S and CORP are benefit responses
(the higher the better), and CTR is a cost one (the lower the
better).

2.3. Method to Determine Best Values of Controllable
Factors Using TOPSIS and Taguchi Methods. This
subsection proposes a method to determine best values of
controllable factors for improving the overall performance of the
PANI-TiO,/Pt composite—modified electrode using TOPSIS
and Taguchi optimization methods.””**

The proposed method consists of the following five major
steps:

Step 1. The PANI-TiO,/Pt composite—modified electrodes
were manufactured at every experimental trial, according to the
OA L16 in Table 2 and their three PRs, such as S, CORP, and
CTR, were measured.

Let y,; be the values of kth PR at the ith trial (
i=1,16, k = 1,3). Namely, y;;, y;;, and y;; are the measure-
ment values of S, CORP, and CTR, respectively, at the ith trial.

The values of S, CORP, and CTR at every trial construct a
decision matrix (DM)Y = (y) 6xa-

Step 2. The overall performance scores (OPSs) C;; i = 1, n of
the PANI-TiO,/Pt composite—modified electrodes manufac-
tured at every trial using the TOPSIS method were calculated.

The TOPSIS converts three PRs into a single OPS as follows:

Step 2—1. A normalized DM Z = (z;),¢x3 Was constructed
from the DM Y = (y;)16x3 using the following linear min-max
normalization equation: (i = 1,16, k = 1,3)

();k o ykmin)/(ykmax - 'ykmin>; k= L2
zy =
' (ykmax _)i'k)/(ykmax _'ykmin); k=3 (1)

where y;i, and Y., are the minimum and maximum values of
the kth PR, respectively.

Step 2—2. A weighted normalized DM V = (v;) 43 Was
constructed using the following equation:

Vi = Wi Zig (2)
where wy, w,, and w; are the importance weights of three PRs (S,

CORP, and CTR), respectively.
Step 2—3. Positive and negative ideal solutions

V= (v, v, 1) and V™ = (v, v;, v;) were determined,
where
+ _ - _ .
Uk = max Vikr Vk = min Uik
1<i<16 1<i<16 (3)

Step 2—4. The Euclidean distances were calculated from every
experimental trial to the positive and negative ideal solutions
using the following equations:

3 3
Di+ = Z (Vl:r - ilc)zf D = Z (Vk_ - Vik)25
k=1 j=1

i=1,16 4)

Step 2—S. The OPSs, namely, relative closeness values, were
determined for every experimental trial using the following
equation:

G=D7/(DF+D7); i=116 (s)

Overall, it reflects three PRs at each experimental trial. The
larger the value is, the better is the overall performance of the
PANI-TiO,/Pt composite—modified electrode.

Step 3. The mean OPSs {Slj5 j=15 1=14} of five
factors at four levels were conducted, where Sj; is the mean OPS
of the jth factor at Ith level.

Step 4. The ranges of mean OPSs of the five factors were
determined.

The range of the mean OPSs of jth factor was determined as
the difference between the maximum and minimum OPSs of the
jth factor as follows: (j = 1,5)

R, = max {S;} — min {S;}
Tazi<a Y <i<a

(6)

1

It represents the influence degree of the jth factor.

Step S. The best values of the controllable factors that
maximize the OPS were found.

Step 5—1. The best condition B, was found, which consists of
the levels that maximize the mean OPSs.

https://doi.org/10.1021/acsomega.4c02524
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Table 3. Experimental Results According to OA L16

controllable factors PRs
trial no. A (mg) B (M) C (M) D (V1) E S (uA-mM™") CORP (uA) CTR (Q)

1 0.3 0.08 0.8 0.06 15 20.8 36.5 454

2 0.3 0.1 1 0.08 20 24.5 39.1 482

3 0.3 0.12 1.2 0.1 25 23.7 40.7 489

4 0.3 0.14 1.4 0.12 30 21.6 43.9 459

S 0.4 0.08 1 0.1 30 25.2 39.3 453

6 0.4 0.1 0.8 0.12 25 24.9 40.6 454

7 0.4 0.12 14 0.06 20 259 384 463

8 0.4 0.14 1.2 0.08 15 24.7 41.2 462

9 0.5 0.08 1.2 0.12 20 26.4 44.1 441

10 0.5 0.1 1.4 0.1 15 26.3 44.7 455

11 0.5 0.12 0.8 0.08 30 27.9 43.2 449

12 0.5 0.14 1 0.06 25 25.7 42.4 431

13 0.6 0.08 1.4 0.08 25 26.5 44.6 430

14 0.6 0.1 1.2 0.06 30 24.7 422 420

15 0.6 0.12 1 0.12 15 26.7 47.8 427

16 0.6 0.14 0.8 0.1 20 26.1 46.5 438

B = {(by, by, by, b,) Sb)j = max {S;}; Table 4. Normalized DM, weighted Normalized DM, and
1<I<4 OPSs
j = 1;5} (7) normalized DM weighted normalized DM

Step 5—2. The best values of controllable factors x,*, x,%,..., O S CORP  CTR S CORP  CTR  OPS
xs* were determined where x;* is the value according to the b;th 1 0 0 0507 0 0 0.101  0.146
level of the ]th factor. 2 0.521 0.230 0.101 0.261 0.069 0.020 0.417
3 0.408 0.372 0 0.204 0.112 0 0.366
3. RESULTS AND DISCUSSION 4 0.113 0.655 0.435 0.056 0.196 0.087 0.321
S 0.620 0.248 0.522 0.310 0.074 0.104 0.519
3.1. Best Values of Controllable Factors Using TOPSIS 6 0577 0363 0507 0289 0109 0101 0519
and Taguchi Methods. We conducted experiments to ” 0718 0168 0377 0359 0050 0075  0.542
determine the best values of the controllable factors for 3 0549 0416 0391 0275 0125 0078  0.501
maximizing the overall performance of the PANI-TiO,/Pt 9 0789 0673 0696 0394 0202 0139  0.748
composite—modified electrode. 10 0775 0726 0493 0387 0218 0099 0725
Table 3 summarizes the experimental results according to OA 11 1 0593 0580 0500 0178 0.116  0.786
L1e. 12 0.690 0.522 0.841 0.345 0.157 0.168 0.660
The best values of controllable factors were determined for 13 0803 0717 0855 0401 0215 0171  0.785
improving the overall performance Of the PANI-TIOZ/Pt 14 0.549 0.504 1 0.275 0.151 0.200 0.579
composite-modified electrode using TOPSIS and Taguchi 15 0831 1 0.899 0415 0300 0180  0.862
methods. 16 0.746 0.885 0.739 0.373 0.265 0.148 0.773

To convert the three PRs into a single OPS, the TOPSIS
method, which is a well-known MADM, was applied. Based on
the authors’ knowledge and practical experience, the importance
weights of S, CORP, and CTR were set as follows:

w, = 0.5, w, = 0.3, and wy = 0.2.

The DM was constructed with the last three columns
corresponding to the three PRs (S, CORP, and CTR), as
summarized in Table 3.

Table 4 summarizes the normalized DM, weighted
normalized DM, and the OPSs (relative closeness values).
Table 5 summarizes the OA L16 and the OPSs (relative
closeness values) at 16 trials.

Table 6 summarizes the mean OPSs (mean relative closeness
values) of five factors at four levels and their ranges obtained
from TOPSIS. Figure 1 shows the mean relative closeness values
of the controllable factors at four levels obtained from TOPSIS.

From Table 6, the influence ranking and scores of the five
factors were as follows:

A(0.437) — D(0.14) — B(0.089) — E(0.069) — C(0.066)

30586

The addition amount of nano TiO, has the highest influence
on the overall performance of the PANI-TiO,/Pt composite—
modified electrode, followed by CV scan rate, concentration of
aniline solution, CV scan number, and concentration of HCI
solution.

From Table 6 and Figure 1, the best condition was
A,B;C,D,E,. Therefore, the best values of the five controllable
factors to maximize the overall performance of the PANI-TiO,/
Pt composite—modified electrode were as follows:

e addition amount of nano TiO,: 0.6 mg,

e concentration of aniline solution: 0.12 M,

e concentration of HCI solution: 1 M,

o CV scan rate for electropolymerization of aniline: 0.08 V-

s™! and

e CV scan number for electropolymerization of aniline: 20.

3.2. Preparation of PANI-TiO,/Pt Composite—Modi-
fied Carbon Paste Electrode and Its Properties.
3.2.1. Preparation of PANI-TiO,/Pt Composite—Modified
Carbon Paste Electrode. After polishing, the CPE electrode

https://doi.org/10.1021/acsomega.4c02524
ACS Omega 2024, 9, 30583—-30593
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Table 5. OA L16 and OPSs at 16 Trials

OALIl6
trial no. A B C D E OPS
1 1 1 1 1 1 0.146
2 1 2 2 2 2 0.417
3 1 3 3 3 3 0.366
4 1 4 4 4 4 0.321
S 2 1 2 3 4 0.519
6 2 2 1 4 3 0.519
7 2 3 4 1 2 0.542
8 2 4 3 2 1 0.501
9 3 1 3 4 2 0.748
10 3 2 4 3 1 0.725
11 3 3 1 2 4 0.786
12 3 4 2 1 3 0.660
13 4 1 4 2 3 0.785
14 4 2 3 1 4 0.579
15 4 3 2 4 1 0.862
16 4 4 1 3 2 0.773

Table 6. Mean OPSs of Five Factors at Four Levels and Their
Ranges were Obtained From TOPSIS

controllable factors

levels A B C D E

1 0.313 0.550 0.556 0.482 0.559
2 0.520 0.560 0.615 0.622 0.620
3 0.730 0.639 0.548 0.596 0.582
4 0.750 0.564 0.593 0.612 0.551
ranges 0.437 0.089 0.066 0.140 0.069
influence ranks 1 3 S 2 4

best levels 4 3 2 2 2

was cleaned and immersed in 0.12 M aniline solution with 1 M
HCI containing 0.6 mg of nano-TiO,. The EP of aniline on CPE
was performed by continuous PC for 20 cycles in the range of
—0.2 to 1.2 Vvs the Ag/AgCl reference electrode at a scan speed
of 0.08 V-s™!. Then, this electrode was washed with DW and
dried at room temperature. Then, this electrode was added to a 1
X 107 M K,PtClg solution in 0.5 M H,SO,. PtNPs were
deposited on the surface of the electrode by potential scanning
in the range of —0.5 to 1.2 V for 10 cycles. The electrode was
washed with DW in order to remove loosely attached PtNPs and

then dried. For comparative study, CPE/PANI and CPE/PANI-
TiO, electrodes were manufactured under the same conditions.

3.2.2. Morphology Characterization of PANI-TiO,/Pt Nano-
composite. The morphology characterization of the PANI-
TiO,/Pt nanocomposite was researched by using SEM. Figure 2
shows the SEM images of various films prepared on CPE by an
electrochemical method. Figure 2a is an image of the PANI-
TiO,, and Figure 2b is one of the PANI-TiO,/Pt nano-
composite. From Figure 2a, it can be seen that the polyaniline
film surface is a nanoporous structure with a size of less than 100
nm. Several morphologies of the PANI, such as schistose,
porous, sheet, and curling, can be obtained using different
preparation methods. In this work, it is shown that the
morphology of the prepared composites is porous in terms of
the addition of nano-TiO,. The presence of TiO, affects the
process of polymerizing aniline. Therefore, the morphology of
the PANI composite would be obtained nanoporous.

On the contrary, PtNPs with particle sizes ranging from 100 to
200 nm were deposited on the electrode surface (Figure 2b).
Since the obtained PANI-TiO, had a nanoporous structure, the
electrode surface was a suitable polymer matrix for the
deposition of PtNPs.

3.2.3. Structural Characterization of PANI-TiO,/Pt Compo-
site. Figure 3 shows the FTIR spectra of PANI and PANI-TiO,/
Pt composites. The spectra of the PANI composite was observed
with the peaks at 1560 cm™, 1470 cm ™", 1304 cm™, 1143 cm ™,
and 1104 cm ™" corresponding to the vibrations of C=C (for the
quinonoid unit), C=C (for the benzenoid unit), C—N, C=N,
and C—H, respectively. The wide peak at 500—800 cm™ in the
spectra of the nanocomposite corresponds to the Ti—O bending
mode of TiO,.

3.2.4. Electrocatalytic Property of PANI-TiO,/Pt Compo-
site—Modified Electrode. The performance of the PANI can be
improved by incorporating various materials, such as TiO,.

The CV curves of the CPE, PANI/CPE, PANI-TiO,/CPE,
and PANI-TiO,/Pt/CPE electrodes obtained at a potential of
—0.2—1.0 V and at a scan rate of 100 mVs™" in a 0.5 M H,SO,
solution containing 100 M nitrite are presented in Figure 4.

PtNPs improve the electrochemical properties such as the
catalytic activity of the nanocomposite.

Figure 4 shows that the PtNPs in the composite improved the
electrical conductivity and redox catalytic properties of the
material. Therefore, the highest redox peak was obtained for the
composites containing PtNPs.
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Figure 1. Mean relative closeness values of controllable factors at four levels were obtained from TOPSIS.
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Figure 2. SEM images of PANI-TiO, (a) and PANI-TiO,/Pt (b) nanocomposite films.
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2000 1500 1000 500
Wavenumber(cm?l)

Figure 3. FTIR spectra of PANI and PANI-TiO,—Pt.

In general, by adjusting the PC rates, the diffusion process on
the surface of the modified electrode can be controlled.
Therefore, the CPE/PANI-TiO,/Pt electrode was immersed
in 0.5 M H,SO, (pH 0) solution containing 100 zM nitrite and
treated with varying scan rates from 20 to 100 mV-s™". Figure S
shows that with the increasing scan rate, the oxidation peak
(Oxpeak) current also increased, and the peak potential shifted
toward the positive direction.

Also, in Figure S (inset), the relationship between Oxpeak
current and scan rate shows linearity, and the linear correlation
coeflicient was calculated to be about 0.9976.

3.2.5. Electrochemical Behavior of NO,~ at Different
Electrodes. From the CV curves of several modified electrodes
such as CPE, CPE/PANI, CPE/PANL-TiO,, and CPE/PANI-
TiO,/Pt electrodes, the electrochemical catalytic properties of
the proposed composite for the oxidation of nitrite were
evaluated.

2.3 A

1.8

I/pA

1.3

0.8 -

03 4

— 7 T T T 1
OM 0.6 07 0.8 0.8

020 E/V (vs. Ag/AgCl)

Figure 4. Cyclic voltammograms of the bare CPE, PANI/CPE, PANI-
TiO,/CPE, and PANI-TiO,/Pt/CPE electrodes in 0.5 M H,SO,
solutions containing 100 #M nitrite with the scan rate of 100 mVs™".

The irreversible peak obtained at the CPE was due to the
oxidation of NO,™ to NO;™. In the acidic medium, NO, is
oxidized at the electrode surface as follows.

NO, +H,0 = NO; +2H" +2¢° (8)

The Oxpeak current (Ipa) obtained at the CPE/PANI-TiO,/
Pt electrode for 100 #M nitrite was the highest at 2.14 yA and
the Oxpeak potential was lowest at 0.63 V. It means that the
CPE/PANI-TiO,/Pt electrode is far superior for electro-
chemical oxidation of nitrite than other electrodes. On the
contrary, the Oxpeak potentials were measured for bare CPE,
CPE/PANI, and CPE/PANI-TiO, of about 1.04, 0.77, and 0.76
V, respectively. At the CPE/PANI-TiO,/Pt electrode, the
OxPeak appeared at 0.63 V, which shows a 0.13 V negative shift
compared to CPE/PANI-TiO,. This shift of the Oxpeak
potential shows that PtNPs have the electrochemical catalytic
activity for the oxidation of nitrite. Consequently, the CPE/
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Figure 5. Cyclic voltammograms of the CPE/PANI-TiO,/Pt electrode obtained at different scan rates: 20 to 100 mVs™" in 0.5 M H,SO, (pH 0)
solution containing 100 xM nitrite. Insets: plot of Oxpeak current vs scan rate.

PANI-TiO,/Pt electrode has excellent electroactive properties
for the electrochemical oxidation of nitrite.

Figure 6 shows a schematic diagram of nitrite sensing of the
PANI-TiO,/Pt—modified electrode.

TiO2

PANI

Pt nanoparticle

Figure 6. Schematic diagram nitrite sensing of the PANI-TiO,/Pt—
modified electrode.

3.2.6. Electrocatalysis of NO,” at PANI-TiO,/Pt Nano-
composite—Modified Electrodes. Figure 7 shows the CV curves
of the PANI-TiO,/Pt nanocomposite—modified CPE obtained
in a 0.5 M H,SO, solution with varying nitrite concentrations
from 50 uM to 300 M.

As the concentration of nitrite increased, the Oxpeak current
increased, but the Oxpeak potential remained unchanged.

The linear dependence of the Oxpeak current on the
concentration of nitrite is shown in Figure 7inset). The Oxpeak
current increases linearly with the concentration of nitrite with a
slope 0f 25.816 nAuM ' and the linear regression coefficient, R*
=0.9992. This means that the PANI-TiO,/Pt nanocomposite is
an excellent electrocatalytic material for the oxidation of nitrite.

3.2.7. pH Effect on the Electrochemical Behavior of CPE/
PANI-TiO,/Pt. The pH effect on the electrochemical behavior of
CPE/PANI-TiO,/Pt was considered and is shown in Figure 8.
The experiments were performed in solutions with three pH
values (1.0, 4.01, and 6.86). With increasing pH, the Oxpeak
current value of the PANI-TiO,/Pt composite-modified
elecrode decreased. The experimental results show that the
electrochemical properties of PANI-TiO,/Pt are strongly
dependent on the pH of the solution. The inset in Figure 8
shows the current values of Oxpeak, which were obtained in
H,S0O, solution with 500 M nitrite by varying its pH from 0 to
7.

3.3. Sensing Performance of PANI-TiO,/Pt Composite-
Modified Carbon Paste Electrode for Nitrite. 3.3.7. Am-
perometric Study. The sensitivity, linear range, and LOD of the
prepared electrode were determined using the amperometric
technique. The response current was recorded in an N,-
saturated 0.5 M H,SO, solution by varying the concentration of
nitrite from 0 to 250 uM. Figure 9 shows the response current
curve of the proposed electrode with respect to the nitrite
concentration.

As shown in Figure 9, the linear response range, sensitivity,
and LOD of the electrode for nitrite were 0.5—194, uM, 25.6
nA-uM~', and 0.2 uM, respectively.

3.3.2. Exploring the Sensing Performance of PANI-TiO,/Pt
Composite with pH. As mentioned above, since the electro-
chemical catalytic properties of the PANI-TiO,/Pt vary with the
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Figure 7. Cyclic voltammograms of CPE/PANI-TiO,/Pt obtained in 0.5 M H,SO, solution of different concentrations of nitrite (50 #M to 300 xM)

at a scan rate of 50 mV s™". Insets: the Oxpeak current versus different concentrations of nitrite.
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Figure 8. Cyclic voltammograms of CPE/PANI-TiO,/Pt in H,SO, solution with different pH values. Insets: anodic OxPeak current was obtained in

an N,-saturated H,SO, solution by varying its pH values from 0 to 7 in the presence of 500 M nitrite.

pH of the solution, the sensitivity of the electrochemical nitrite
sensors based on the PANI-TiO,/Pt nanocomposite varies

greatly with pH. Table 7 summarizes the changes in the

sensitivity of the sensor with the pH of the solution.

Since the proposed composite has the best electrochemical

catalytic performance at pH 0, the sensitivity of the sensor is also

the highest.

3.3.3. Comparison of the Catalytic Properties of the

Prepared Sensor with PANI-TiO,/Pt—Modified and PANI-
TiO,—Modified Electrodes for Detecting Nitrite. To evaluate
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Figure 9. Response current curve of the prepared electrode with different nitrite concentrations.

Table 7. Changes in the Sensitivity of the Sensor with the pH
of the Solution

pH sensitivity, nA-uM ™"
0 25.7
1 21.6
2 17.9
3 11.7
4 4.2

the catalytic performance of the proposed composite—modified
electrode for nitrite sensing, the sensitivity and low detecting
limits (LOD) of the sensors based on PANI-TiO,/Pt and PANI-
TiO, were compared.

As summarized in Table 8, the sensitivity of the sensor based
on the PANI-TiO,/Pt nanocomposite is greater than that of the

Table 8. Comparison of Catalytic Performance of the Sensors
based on PANI-TiO,/Pt and PANI-TiO, for Nitrite Sensing

modified material sensitivity, uA-uM ™" LOD, uM
PANI-TiO, 18.7 1.1
PANI-TiO,/Pt 25.7 0.2

sensor based on the PANI-TiO,. It is attributed to the catalytic
performance of the PtNPs in the composite.

3.3.4. Selectivity. The selectivity of the electrochemical
sensor is very important for its practical application. To evaluate
the selectivity, the response current of the PANI-TiO,/Pt
composite—modified electrode was measured in an N,-saturated
0.5 M H,SO, solution with 500 #M nitrite containing various
interferences such as NO3~, CI7, and SO,*". Here, the
interference concentrations were 10 mM.

As summarized in Table 9, the response current for nitrite was
much larger than that of other interferences except C1O~, and
the amount of current response of the interferences could be
negligible. In the case of water disinfection using chlorine-based

Table 9. Response Current in Several Interferences, A

nitrite  NO;~ ClO~ CI°” SO~ Na* K*  Cu* Fe*
126 01 137 012 008 005 004 006 014

disinfectants, as in swimming pools, CIO™ is present in water but
is generally not present in natural water. Therefore, the
experimental results showed that the PANI-TiO,/Pt compo-
site—modified electrode had excellent selectivity for detecting
nitrite in natural water.

3.3.5. Stability, Repeatability, and Reproducibility. The
stability of the proposed modified electrode for nitrite sensing
was studied in an N,-saturated 0.5 M H,SO, solution with 100
M nitrite. The results showed that the response currents of the
proposed electrode obtained in the 100 M nitrite sample were
retained at 97.32% of the original response current.

In order to evaluate the reproducibility, five prepared
electrodes were selected, and the response currents were
measured in 100 pM nitrite sample solution. In result, the
relative standard deviation (RSD) was 2.3%.

In order to evaluate repeatability, the experiments of
measuring response current in the 100 pM nitrite sample
solution were conducted 10 times using the proposed electrode.
In result, RSD was 2.1%.

Therefore, the proposed electrode has good stability,
repeatability, and reproducibility for nitrite sensing.

3.3.6. Practical Application. To study the practical
application of the prepared electrode, the response current
was measured in rainwater and river water by using the standard
addition method. Table 10 summarizes the experiment results.

Table 10. Response Current of the Prepared Electrode in
Various Water Samples

water samples added, uM found, uM recovery(%)
rain water 100 101.4 101.4
river water 200 199.3 99.65

As ummarized in Table 10, the PANI-TiO,/Pt composite—
modified electrode showed good recovery, and it means that this
electrode is suitable for practical applications.

4. CONCLUSIONS

In thiswork, the PANI-TiO,/Pt nanocomposite was synthesized
on CPE by an electrochemical method.

The experimental design was conducted for improving the
performance of the PANI-TiO,/Pt composite—modified
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electrode, and the best values were determined using TOPSIS
and Taguchi methods. The proposed composite showed an
excellent electrochemical catalytic property for the oxidation of
nitrite. The PANI-TiO,/Pt nanocomposite—modified electrode
showed superior linearity for detecing nitrite with a sensitivity of
25.82 nA-uM L,

The major optimal parameters to manufacture the PANI-
TiO,/Pt nanocomposite—modified electrode are as follows:

e addition amount of nano TiO,: 0.6 mg,
e concentration of aniline solution: 0.12 M,
e concentration of HCI solution: 1 M,

e CV scan rate for electropolymerization of aniline: 0.08 V-
-1
s~ and

e CV scan number for electropolymerization of aniline: 20.
The significance and innovation of this work are as follows:

e By determining the optimal parameter values with
TOPSIS and Taguchi methods, the performance of
modified electrode, such as sensitivity, current value of
oxidation/reduction peak, and charge transfer resistance,
were improved.

e The CPE/PANI-TiO,/Pt electrode can be used as a
working electrode of amperometric sensor by using the
electrochemical oxidation of nitrite.

This work lacks in constructing the amperometric sensor by
using the proposed nanocomposite- modified electrode and in
increasing selectivity of sensor. Future work needs to improve
the selectivity of sensors by using the conductive polymer
nanocomposite—modified electrode.

The proposed method can be applied to manufacture
conductive polymer nanocomposite—modified electrodes with
an excellent performance.
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