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a b s t r a c t 

In this work, a conducting polymer and nanometal composite electrocatalyst was prepared for the sensi- 

tive detection of bisphenol A (BPA) over a wide concentration window. Polyaniline (PANI) was first pre- 

pared from aniline through a chemical method, and gold nanoparticles (AuNPs) were embedded with the 

prepared PANI via ultrasonication to obtain the PANI_AuNPs electrocatalyst. The morphological, chemi- 

cal, and electrochemical properties of the electrocatalyst were then determined, and BPA oxidation was 

investigated with the help of electroanalytical techniques to understand the electron-transfer process 

occurring at the PANI_AuNPs interface. The results showed that BPA was oxidized through a multistep 

electron-transfer process without any intermediate chemical step, and the rate-determining step was the 

second electron-transfer step. The oxidation proceeded as a 2e –/2H 

+ process with an electron-transfer 

coefficient of ≈0.69. These results indicate that the PANI and AuNPs work synergistically to promote the 

electron transfer from BPA. The quantitative analysis gave a broad linear range and a low limit of detec- 

tion of 0.4 nM. The sensor was also tested for the detection of BPA in tap water, bottled water, and a 

canned beverage for real sample analysis. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Bisphenol A (BPA) is a key ingredient of polycarbonate plastics 

PCPs) and epoxy resins [ 1 , 2 ]. In these PCPs, the BPA monomer

s reacted with phosgene to form esters, while alkylation is used 

or epoxy resin production [3–5] . These PCPs are often used for 

anufacturing clear water bottles, baby bottles, and sports equip- 

ent products [ 6 , 7 ]. The epoxy resins are used in coatings for

ood containers, water pipes, and sales paper products [ 7 , 8 ]. More

han a million tons of BPA are used per year for these purposes 

 8 , 9 ]. Products containing BPA are usually stable, robust, and do 
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ot leach [9] . However, upon heating, the polymers can degrade 

nd cause BPA leaching into water, baby food, or other products 

10] . As an endocrine disruptor, BPA can simulate or block hor- 

ones related to endogenic activities and cause serious harm to 

oth animals and humans [ 8 , 11 ]. Excessive BPA in the body has

een associated with cancer, degradation of sperm quality, thy- 

oid problems, and even diabetes [ 6 , 12 ]. Since 2015, the European

ood Safety Authority has set the daily tolerable BPA consumption 

evel to 0.4 μg kg −1 [13] . Therefore, a sensitive, selective, and accu- 

ate detection system that can provide instant results is necessary. 

ommonly used techniques such as chromatography, spectroscopy, 

nd fluorescence are highly sensitive and can give accurate results, 

ut they often require tedious sample preparation, expensive in- 

truments, and expert operators [ 8 , 11 , 14 ]. An alternative to these

echniques is electrochemical sensors (ECSs), which are accurate, 

https://doi.org/10.1016/j.electacta.2021.137968
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ensitive, quick, inexpensive, and simple means to detect environ- 

ental pollutants and biomolecules [13–16] . 

Base electrodes (e.g., indium tin oxide, glassy carbon (GC), 

uorine-doped tin oxide) often need to be modified with conduct- 

ng polymers and/or nanomaterials for preparing effective elec- 

rochemical BPA sensors [17–20] . However, most of the modified 

lectrodes are either very sensitive with a narrow linear range 

r have a wide linear range with low sensitivity [ 17 , 19 , 21 ]. Some

omposite modifiers have been reported that simultaneously show 

 wide linear range and good sensitivity for BPA detection. For 

nstance, Poorahong et al. reported polyaniline (PANI) rods with 

ulti-walled carbon nanotubes (MWCNTs) over a graphite pen- 

il electrode for BPA detection over a wide linear range [8] . PANI 

as also been used with ruthenium nanoparticles (RuNPs) and 

raphene oxide (GO) for BPA sensing [ 17 , 18 ]. The PANI-RuNPs com-

osite showed a linear range from 10 nM to 1.1 μM with a sensi-

ivity of 1.6 μA cm 

−2 μM 

−1 , while the PANI-GO composite demon- 

trated a broad linear range from 2 nM to 3 μM and a low LOD

f 0.5 nM [ 17 , 18 ]. Niu et al. reported that graphene nanoribbon

GPN) with gold nanoparticles (AuNPs) over a GC electrode (GCE) 

an detect BPA with good sensitivity over a broad linear range [11] . 

n another work, AuNPs were incorporated with polyvinylpyrroli- 

one (PVP) through an electrochemical method over graphite elec- 

rode for sensitive detection of BPA [12] . The AuNPs/PVP-modified 

lectrode showed an impressive linear range from 23 nM to 1.1 μM 

ith an LOD of 1 nM [12] . Hence, composite electrocatalysts pre- 

ared with conducting polymers and metal nanoparticles might 

rovide an effective route for sensitive BPA detection with a broad 

inear range. 

In order to prepare active electrocatalysts for BPA detection, it 

s important to understand the catalytic activity of the electrode 

odifiers towards the analyte [ 22 , 23 ]. To understand the catalytic 

rocess, it is essential to investigate the kinetics of BPA oxida- 

ion at the modifier material [24] . Combining the kinetics of the 

lectron-transfer process with the materials characterization data 

an give good insight into the electrochemical reaction mecha- 

ism. This way, the contribution of modifiers towards the electron- 

ransfer process can be evaluated, and this knowledge can be used 

o prepare electrocatalysts with refined properties [25] . 

In this work, we chose to incorporate PANI and AuNPs into our 

omposite modifier for BPA detection because previous reports for 

oth materials have shown that they can detect BPA with high sen- 

itivity over a wide linear range. We then determined the mor- 

hological and chemical properties of the PANI_AuNPs compos- 

te along with the kinetics of the electron-transfer process at the 

ANI_AuNPs interface during BPA oxidation. Based on the obtained 

esults, a possible BPA oxidation reaction mechanism is proposed. 

o test its performance in real-life scenarios, the prepared ECS 

as used for quantitative detection of BPA in water samples and 

anned beverage. 

. Materials and methods 

.1. Chemicals and materials 

BPA [(CH 3 ) 2 C(C 6 H 4 OH) 2 ], gold(III) chloride hydrate [HAuCl 4 ], l -

scorbic acid, potassium persulfate, monobasic and dibasic sodium 

hosphate, catechol (CT), sodium carbonate, magnesium carbonate, 

otassium nitrate, and hydroquinone (HQ) were all purchased from 

igma-Aldrich, Germany. Aniline and ethanol were obtained from 

DH Chemicals Ltd. and Honeywell, respectively. For electrochem- 

cal experiments, all analytes were tested in solutions containing 

.1 M phosphate buffer (PB), unless stated otherwise. Deionized 

ater was used for standard tests. For real sample analysis, the 

ources were tap water, bottled water, and canned beverage. 
2 
.2. Instrumentation 

A CHI 660E potentiostat (CH Instruments, USA) was used in all 

lectrochemical experiments. A three-electrode system with work- 

ng (GCE, PANI_GCE, or PANI_AuNPs/GCE), counter (Pt wire), and 

eference (Ag/AgCl, 3 M) electrodes was used. X-ray diffraction 

XRD) spectra were recorded on a Rigaku MiniFlex-II X-ray diffrac- 

ometer (Rigaku, Japan) using CuK α1 radiation ( γ = 0.15416 nm); 

he tube current was 10 mA at an accelerating voltage of 30 kV. 

ield emission scanning electron microscopy (FESEM; Lyra3, Tes- 

an, Czech Republic) with a 20 kV accelerating voltage was 

sed for the morphological analysis. The FESEM instrument was 

quipped with an Oxford Instruments X-mass detector for measur- 

ng the energy dispersive X-ray spectrum (EDS). X-ray photoelec- 

ron spectroscopy (XPS) was measured on an ESCALAB 250Xi XPS 

icroprobe, (Thermo Scientific, USA). A Powersonic 603 Ultrasonic 

leaner (Kleentek, Australia) was used to clean the polished elec- 

rodes and disperse the modifier materials in the solvent. 

.3. Preparation of polyaniline (PANI) through chemical method 

We prepared the PANI material according to a previously pub- 

ished method with slight modification [26] . Initially, we pre- 

ared solutions of monomer (aniline) and initiator (potassium per- 

ulfate (K 2 S 2 O 8 )) (we used potassium persulfate instead of am- 

onium persulfate because it is more environmentally friendly). 

hen, these two solutions were mixed in a specific molar ratio of 

:1.25 (monomer: initiator) to initiate the synthesis process. The 

onomer solution was prepared in 1.0 M HCl (50 mL) by dissolv- 

ng 0.5 ml of aniline. The initiator solution was also prepared in 

.0 M HCl (50 ml). For this purpose, 1.55 g of potassium persul- 

ate was used. After mixing the monomer and initiator solutions, 

hey were stirred for 20 min. At the final stage of polymerization, 

00 ml of distilled water was added to finish the polymerization. 

he precipitated mass was washed with 1.0 M HCl and ethanol 

fter filtration. The washed and filtered PANI was then dried for 

0 min at 60 °C. Scheme 1 A shows the synthesis process of PANI. 

.4. Synthesis of PANI_AuNPs electrocatalyst and preparation of 

ANI_AuNPs/GCE 

To prepare the PANI_AuNPs composite, PANI (6 mg) was dis- 

ersed in distilled water (6 mL) by ultrasonication. In this dis- 

ersed mixture, 10 mM HAuCl 4 (3 mL) was added with manual 

haking. In the final step, 20 mM ascorbic acid (3 mL) was added 

s a stabilizing agent to this mixture under ultrasonication, and the 

ixture was sonicated for 5 min to obtain the PANI_AuNPs com- 

osite. The synthesis scheme is shown in Scheme 1 B. 

The PANI_AuNPs/GCE was prepared through a simple drop- 

asting method in which PANI_AuNPs (2 mg) was first dispersed in 

 3 mL solution of ethanol (1.5 mL) and water (1.5 mL). The mix- 

ure was sonicated for 30 min to disperse the PANI_AuNPs in the 

olution. Then, approximately 4 μL of the dispersed solution was 

rop casted on the polished GCE. The modified electrode was then 

ried at room temperature (RT). PANI/GCE was prepared using the 

ame procedure. The PANI_AuNPs/GCE fabrication process is shown 

n Scheme 1 C. 

.5. Method for determining the BPA oxidation mechanism at the 

ANI_AuNPs/GCE interface 

To determine the reaction mechanism of BPA oxidation at the 

ANI_AuNPs/GCE interface, we considered the chemical and mor- 

hological properties of the PANI_AuNPs composite and the reac- 

ion kinetics of BPA oxidation. FESEM was used for evaluating the 

urface morphology, and EDS and XPS were used to determine the 
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Scheme 1. Synthesis of PANI, PANI_AuNPs composite, and fabrication of PANI_AuNPs/GCE. A) Synthesis of PANI from aniline using a chemical method. B) Preparation of 

PANI_AuNPs using an ultrasonication process. C) Fabrication of PANI_AuNPs/GCE and its application towards BPA oxidation. 
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lemental composition and functional groups present. Afterward, 

RD spectra were obtained to analyze the crystalline features of 

he PANI_AuNPs material, and its electrochemical properties were 

nalyzed with the help of cyclic voltammetry (CV). The results of 

hese studies elucidated the various chemical, morphological, and 

lectrical properties of the PANI_AuNPs composite. 

The kinetics of BPA oxidation at the PANI_AuNPs/GCE interface 

ere then studied. Scan rate analysis was performed to determine 

hether the reaction process was controlled by diffusion or ad- 

orption. We also determined the irreversibility of the BPA oxida- 

ion at the PANI_AuNPs/GCE from scan rate analysis. The number 

f electron transfer ( n ), electroactive surface area ( A ), heteroge- 

ous electron transfer rate constant ( k ), and electron transfer co- 

fficient ( α) for BPA oxidation at the PANI_AuNPs interface were 

etermined using the equations for irreversible electron-transfer 

rocess derived from the Butler–Volmer (BV) equation. We subse- 

uently used a Tafel plot to analyze the rate-determining step of 

he multielectron-transfer process. We also studied the kinetics of 

PA oxidation at the PANI/GCE interface for comparison with the 

ANI_AuNPs/GCE system. The effect of pH and the proton to elec- 

ron (m/n) transfer ratio was analyzed by varying the pH of the 

upporting electrolyte solution during BPA oxidation with the help 

f the Nernst equation. 

Finally, after analyzing all the data, we proposed a mechanism 

f BPA oxidation at the PANI_AuNPs/GCE interface. 

.6. Method for evaluating the applicability of PANI_AuNPs/GCE as 

PA sensor 

To test the application of the PANI_AuNPs/GCE as a potential 

PA sensor, we performed a quantitative analysis of BPA oxida- 

ion over a broad concentration window with the help of differ- 

ntial pulse voltammetry (DPV). From the obtained DPV plots, we 

easured the peak current values and plotted them against con- 

entration. This plot allowed us to determine the linear range, 

ensitivity, and limit of detection (LOD) for BPA oxidation at the 

ANI_AuNPs/GCE interface. 

Afterwards, we evaluated the selectivity of the PANI_AuNPs/GCE 

ensor through an interference test. Some of the most common en- 

ironmental pollutants that undergo oxidation around the oxida- 

ion potential of BPA were tested [17] . We also employed DPV for 

esting the selectivity. 
3 
Both the experimental and storage stability of the 

ANI_AuNPs/GCE sensors were tested as well as the repro- 

ucibility of the sensor by modifying four different electrodes with 

ANI_AuNPs. 

Finally, we tested the performance of the PANI_AuNPs/GCE sen- 

or in tap water, bottled water, and canned beverage. The sam- 

les were prepared using the procedure described in the literature 

 13 , 17 ]. 

. Results and discussion 

.1. Characterization of the PANI_AuNPs 

Fig. 1 shows the FESEM, TEM, and EDS analyses of the PANI 

nd AuNPs incorporated into the polymer material through the ul- 

rasonication method (PANI_AuNPs). Figure S1A and Fig. 1 A show 

he low and high-magnification FESEM images of the PANI, indi- 

ating the presence of cylindrical-rod-shaped structures. The TEM 

mages of PANI further confirm this analysis ( Fig. 1 B). On the other 

and, the high-resolution TEM image of PANI does not show any 

pherical structures ( Fig. 1 C). However, FESEM reveals that spheri- 

al AuNPs with an average size of less than 10 nm were sparingly 

cattered over the polymer surface (Figure S1B and Fig. 1 D). In the 

EM images, the AuNPs appear to congregate over certain areas 

f the PANI ( Fig. 1 E). The exact cause of this is not clear to us;

t could be due to the dilution of the PANI_AuNPs sample with 

thanol before transferring it to the TEM grid. However, the magni- 

ed images (Figure S2A, B) reveal that the sizes of the AuNPs are in 

he range of 5 − 10 nm, which is similar to the SEM observations. 

t the same time, TEM further confirms our analysis of the PANI 

nd PANI_AuNPs materials (Figure S3). The selected area electron 

iffraction (SAED) pattern of PANI_AuNPs (Figure S3D) shows clear 

ings for the (111), (200), (220), and (311) planes of AuNPs [27] . 

owever, Figure S3B does not contain any such rings for PANI. 

In order to properly analyze the impact of ultrasonication dur- 

ng PANI_AuNPs synthesis, we also prepared PANI_AuNPs by stir- 

ing only. The FESEM image for PANI_AuNPs(stir) is shown in 

igure S4. Both the low- (Figure S4A) and high-magnification 

Figure S4B) images show that AuNPs aggregated on the PANI 

tructure. This confirms that such highly controlled synthetic for- 

ulation and orientation of AuNPs over the polymer resulted 

rom successful ultrasonication. In addition, when AuNPs are in- 
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Fig. 1. Morphological analysis of PANI and PANI_AuNPs. FESEM (A) and TEM (B,C) images of PANI with different magnifications. FESEM (D) and TEM (E,F) images of 

PANI_AuNPs with different magnifications. EDS spectrum of (G) PANI and (H) PANI_AuNPs with a table showing the weight and atomic percentages of different elements. 
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orporated, it not only improves the conductivity of the over- 

ll electrode material but also provides a large effective sur- 

ace for electrochemical interaction with the analyte necessary 

or initiating the low-energy electron-transfer process [28] . Fig- 

re S5 includes images of the PANI_AuNPs prepared through 

tirring and ultrasonication and shows a clear contrast between 

he two composite materials. EDS analysis revealed the ele- 

ental composition of PANI and PANI_AuNPs; PANI was com- 

rised mainly of C ( Fig. 1 G), and PANI_AuNPs was comprised 

f 68.87% C, 11% N, 8.42% O, and 3.77% Au ( Fig. 1 H). The

DS also detected about 8% Sn, which can be attributed to the 

are electrode surface remaining exposed in the direction of the 

ight. 

To further understand the variation in chemical composition, 

e conducted XPS analyses of both PANI and PANI_AuNPs ( Fig. 2 ). 

he XPS survey scan of PANI in Fig. 2 A reveals that the material

ainly consisted of C, N, and O elements (core levels are indicated 

n the spectrum). Trace amounts of Cl and S were also present, 

hich were likely due to the utilization of HCl and persulfate as 

he solvent and initiator, respectively, in the polymer synthesis. In 

ontrast, the XPS survey scan of PANI_AuNPs showed two more 

ore levels for Au (Au4d and Au4f) along with the other three for C, 
4 
, and O ( Fig. 2 B). This variation is proof that AuNPs were incorpo-

ated within the polymer via ultrasonication. We deconvoluted the 

PS peaks of C1s, O1s, N1s, and Au4f core levels for PANI_AuNPs 

sing the Gaussian fitting method. Fig. 2 C shows the deconvoluted 

PS C1s spectrum. The peak deconvolution resulted in two distinct 

eaks at 284.4 and 286 eV, which are attributed to C–C/C–H and 

–O groups [ 29 , 30 ]. The O1s peak deconvolution resulted in two 

eparate peaks due to spin-orbit splitting and are attributed to car- 

oxylic acid (–COOH at 531.6 eV) and alcohol (–OH at 532.3 eV) 

roups ( Fig. 2 D) [ 29 , 30 ]. The N1s peak splits into two due to the

econvolution of the N1s core level. These two peaks can be as- 

igned as pyramidal N–H (at 399.5 eV) and pyrrolic N (at 400.8 eV) 

roups, which are the essential structural features of PANI [31] . 

n the case of the Au4f core level, survey XPS showed two dis- 

inct peaks, namely Au4f 5/2 and Au4f 7/2, which appeared due to 

he initial spin-orbit scattering by X-ray [31] . The position of these 

eaks was around 84.3 and 88.0 eV. In addition, two more peaks 

ere observed in the survey spectrum for the Au4d core level 

ithin 327–359 eV [31] . The percentages of the four core levels 

btained from the XPS survey scan (C1s, O1s, N1s, and Au4f) were 

stimated to be approximately 79.25%, 8.98%, 9.3%, and 2.5%, re- 

pectively. Therefore, the XPS analysis of PANI_AuNPs demonstrates 
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Fig. 2. XPS analysis of PANI and PANI_AuNPs. A, B) Survey spectra of PANI and PANI_AuNPs. C–F) Deconvoluted XPS spectra of C1s (C), O1s (D), N1s (E), and Au4f (F), 

respectively, for PANI_AuNPs. 

Fig. 3. XRD spectrum of PANI_AuNPs composite. Four sharp peaks are visible for 

the AuNPs and a broad shallow peak for carbon. 
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hat PANI and AuNPs retain their properties in ultrasonically pre- 

ared PANI_AuNPs composite. 

We further investigated the crystalline properties of the 

ANI_AuNPs composite by XRD analysis. Fig. 3 shows the XRD 

pectrum, which contains four consecutive intense peaks at 38.4 °, 
4.5 °, 64.6 °, and 77.7 ° corresponding to the (111), (200), (220), and 

311) planes, respectively, of Au [32] . The crystallinity percentage 

f AuNPs in the composite was calculated to be 76.6% using the 

ollowing equation. 

rystal l inity = 

peak area under f our planes 

total area ( crystal l ine + amorphous ) 
× 100% (1) 

A slightly intense peak at around 22 ° appeared in the spectrum, 

hich corresponds to graphitic crystallites and indicates that the 

olymer is partly graphitic in nature [ 28 , 30 ]. Figure S6 shows the

RD pattern for the PANI, in which the peak around 22 ° is clearly 

isible. 

We investigated the electrochemical properties of the pre- 

ared PANI_AuNPs composite via ultrasonication in 0.1 M neu- 
5 
ral phosphate-buffered saline (PBS) using CV. Fig. 4 A shows 

he CV data obtained for polished GCE and GCE modified with 

ANI_AuNPs (PANI_AuNPs/GCE). It is clear from Fig. 4 A that GCE 

id not exhibit an electron transfer response in the potential win- 

ow of –0.2 to 1.0 V in the 0.1 M PBS. On the other hand, the

ANI_AuNPs/GCE showed a well-defined redox signal around –0.1 

o 0.1 V (denoted as (i)) and a small reduction response around 

.55 V (denoted as (ii)). The redox signal in (i) is most likely due 

o the oxidation of neutral PANI emeraldine form to a partially ox- 

dized nigraniline and vice versa in the reduction sweep [ 33 , 34 ].

he current response around 0.55 V was due to the reduction 

f AuNPs present at the PANI_AuNPs composite [35] . The weak 

lectron-transfer response of the AuNPs compared to the PANI is 

ikely due to the fact that only a small amount of AuNPs was 

resent on the PANI. The inset of Fig. 4 A shows a magnified view

f the reduction signal. This analysis confirms that the chemical 

reatment was successful in forming conducting PANI from aniline. 

urthermore, AuNPs were incorporated within the PANI structure. 

We studied the stability of the PANI_AuNPs composite through 

5 consecutive CVs; Fig. 4 B shows the overlay plot. After the sec- 

nd CV, the redox signal decreased only slightly, and the peak 

otential remained consistent throughout all the CVs. The peak 

urrent was retained by ≈97.91% ((7.96 × 10 –6 A/ 8.13 × 10 –6 

) × 100), and the relative standard deviation (RSD) for peak cur- 

ent response was calculated to be ≈2.60% for the consecutive CVs, 

onfirming that the PANI_AuNPs remained attached to the surface 

f GCE and gave a stable response. 

.2. Oxidation of BPA at the PANI_AuNPs/GCE interface 

We studied the oxidation of BPA at GCE and PANI_AuNPs/GCE 

sing 0.1 M PBS and 50 μM BPA in 0.1 M PBS. We used CV

nd DPV techniques to investigate the oxidation of BPA at the 

ANI_AuNPs/GCE. Fig. 5 A shows the CV responses for the bare and 

odified electrodes in blank and 50 μM BPA solutions. The GCE did 
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Fig. 4. Electrochemical characterization of PANI_AuNPs in 0.1 M PBS (pH 7.0). A) CV data from –0.2 to 1.0 V for GCE and PANI_AuNPs/GCE. Inset shows the magnified view for 

the potential window of 0.3 to 0.65 V. B) The change in peak current signal for 25 consecutive CVs in the PBS solution for determining the stability of the PANI_AuNPs/GCE. 

Fig. 5. Oxidation of BPA at polished GCE and PANI_AuNPs/GCE in 0.1 M neutral PBS. A) CVs taken at 50 mV s –1 with polished GCE and PANI_AuNPs/GCE in blank PBS 

solutions and 50 μM BPA solutions. B) DPVs taken with polished GCE and PANI_AuNPs/GCE in blank PBS solutions and 50 μM BPA solutions. 
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ot show any response for the PBS but showed an oxidation sig- 

al at around ≈0.65 V for the BPA solution. The PANI_AuNPs/GCE 

howed the redox signals for PANI and AuNPs in the PBS and a 

ignal around ≈0.62 V in the BPA solution. The peak current value 

or the oxidation of PANI_AuNPs/GCE (2.05 × 10 –6 A) was almost 

2.24 times higher than the GCE (9.17 × 10 –7 A). We further in- 

estigated the BPA oxidation with DPV ( Fig. 5 B). Similar to the 

V experiments, GCE and PANI_AuNPs/GCE did not give any cur- 

ent signal in the PBS around 0.6 V. In the BPA solution, GCE 

nd PANI_AuNPs/GCE showed peak currents around ≈0.61 V and 

0.56 V, respectively. The peak current ratio for PANI_AuNPs/GCE 

1.27 × 10 −6 A) and GCE (6.92 × 10 −7 A) was ≈1.84. Both the 

V and DPV analysis showed that the PANI_AuNPs/GCE is capable 

f oxidizing BPA at a lower potential with a much higher current 

alue. 

We also compared the performance of PANI_AuNPs/GCE with 

ANI/GCE for BPA oxidation. Figure S7A shows the CV data; 

ANI/GCE has a smaller peak current of 5.59 × 10 –7 A at a lower 

ositive potential of 0.61 V. The DPV response for PANI is shown 

n Figure S7B. PANI/GCE has a smaller oxidation current signal 

2.76 × 10 –7 A) in the DPV as well. These analyses confirm that 

he PANI_AuNPs composite has excellent electrocatalytic efficiency 

owards BPA oxidation compared to PANI. 

.3. Kinetics of BPA oxidation at the PANI_AuNPs/GCE interface 

The effect of the scan rate on the voltammetric plot was eval- 

ated to elucidate the kinetics of the heterogeneous electron- 

ransfer process of the modified electrode towards BPA oxidation. 

ig. 6 A shows the increment of peak currents for BPA oxidation 

n eight different CV plots with scan rates increasing from 5 to 

50 mV s –1 . The kinetics of BPA oxidation at the PANI/GCE inter- 
6 
ace was also investigated for comparison and that data is shown 

n Figure S8. The oxidation process was confirmed to be diffusion 

ontrolled for both systems after analyzing the calibration plot of 

xidation peak current density vs. the square root of the scan rates. 

 plot of J pa vs. ν1/2 is represented by a linear regression equa- 

ion ( Fig. 6 B and Figure S8B). To confirm the irreversible nature of 

he electrochemical reaction, we further analyzed the relationship 

etween the peak potential and the scan rates through an I p C 

–1 

–1/2 vs. log ν plot ( Fig. 6 C and Figure S8C). A plot of E pa vs. log ν
hows a linear relationship ( Fig. 6 D and Figure S8D). Therefore, for 

 typical irreversible reaction, the following equation is applicable: 

 p = Y + 

2 . 303 RT 

2 ( 1 − α) n αF 
log ν (2) 

here R, T , and F represent the universal gas constant, temper- 

ture, and Faraday’s constant, respectively; n α denotes the num- 

er of electrons transferred in the rate-determining step (RDS); 

nd α corresponds to the heterogeneous electron-transfer coeffi- 

ient, which indicates whether the transition state relating to RDS 

s reactant- ( < 1) or product-like (close to 1). Using the slope of 

q. (2) , we calculated the value of α corresponding to the BPA 

xidation process at the PANI_AuNPs/GCE electrode as 0.69. For 

ANI/GCE, α was determined to be 0.75. These values demonstrate 

hat the oxidation process is electrochemically feasible, and the 

lectron transfer through the interfaces occurred by overcoming a 

omparatively low amount of activation energy over the modified 

lectrode surface. The 0.75 value for PANI/GCE is consistent with 

he CV and DPV analysis that showed the BPA oxidation peak at a 

lightly more negative potential. 
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Fig. 6. Effect of scan rate on BPA oxidation at the PANI_AuNPs/GCE interface and analysis of the data for evaluating the electron transfer kinetics. Scan-rate variation 

experiments were carried out in a 0.5 μM BPA solution containing 0.1 M PBS (pH = 7.0). A) The following scan rates were used for the experiments: a − h ) 5, 10, 25, 50, 75, 

100, 125, and 150 mV s –1 . B) Peak current (J pa ) vs. square root of scan rate ( v 1/2 ) plot. C) I p C –1 ν–1/2 vs. log ν plot. D) Peak potential (E pa ) vs . log v plot v . E) Tafel plot and 

Tafel slope analysis plot from the 5-mV s –1 scan rate plot. F) CV data and the forward-scan convoluted potential sweep voltammetry data for the same CV data. 
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The y-intercept of Eq. (2) can be represented as follows: 

 = E o 
′ + 

RT 

( 1 − α) n αF 
× { 0 . 78 + 

2 . 3 

2 

log 

[ 
( 1 − α) n αF D 

k 2 RT 

] 
(3) 

here E o 
′ 

denotes the underlying standard electrode potential cor- 

esponding to BPA oxidation and can be derived from a Tafel 

lot; k is the heterogeneous rate constant relating to the electron- 

ransfer process; and D is the diffusion coefficient. 

Later, we estimated the related electro-effective surface area ( A ) 

f the electrode by using the slope of the following equation: 

 p = 2 . 99 × 10 

5 n [ ( 1 − α) n α] 
1 / 2 C o A D 

1 / 2 ν1 / 2 (4) 

here C o is the bulk concentration of the BPA solution. We found 

hat the value was approximately 1.31 cm 

2 when the bulk concen- 

ration was 0.5 μM. For PANI/GCE, a 5 μM BPA solution was used 

nd A = 0.63 cm 

2 . The lower A value is in agreement with our

V and DPV results, in which PANI/GCE produced a lower current 

ignal compared to the PANI_AuNPs/GCE for the same 50 μM BPA 

olution. Hence, even though the transition relating to the RDS is 

ore product-like for PANI/GCE, its A value is only about half the 

alue determined for PANI_AuNPs/GCE. 

Next, we evaluated the experimental Tafel plot for the afore- 

entioned electrochemical process over the electrode system. 

enerally, Tafel slope analysis allows the evaluation of one or more 

inear regions, which can be used to determine the number of elec- 

rons (n) transferred while making a paradigm shift from transition 

tate to the product in the RDS [25] . Fig. 6 E shows the experimen-

al plot for both oxidation and reduction waves at a scan rate of 

 mV s –1 . The Tafel plot for PANI/GCE is shown in Figure S8E. Both

gures clearly show linear regions, also known as the Tafel region, 

hich is expressed by the following regression equation: 

og I = 2 . 3 + ( −25 . 19 ) η (5) 

The value of n can be evaluated by using the following slope 

quation: 

1 = 

nαF 
(6) 
b 2 . 303 RT 

7 
here b denotes the Tafel slope, which is calculated as 39.7 mV 

ec –1 and 117.65 mV dec –1 for the PANI_AuNPs/GCE and PANI/GCE, 

espectively. Solving this equation yields an n value of about 2, 

hich indicates that the oxidation of BPA involves the transfer of 

wo electrons at the interface region. Furthermore, the value of E o 
′ 

as calculated to be 0.45 V. 

To determine the corresponding diffusion coefficient ( D ) for the 

PA oxidation process, we investigated the convoluted potential 

weep voltammetry (CPSV) plot at 5 mV s –1 ( Fig. 6 F). The CPSV

s a sigmoidal-shaped curve, which is beneficial for resolving ki- 

etic parameters over direct B–V theory [36] . The CPSV plot typi- 

ally forms a current plateau over positive potential, demonstrating 

 limiting current level. The limiting current ( I l ) can be expressed 

s follows [36] : 

 l = nF A C o 
√ 

D (7) 

The value of D was estimated to be about 5.83 × 10 –6 cm 

2 s –1 ,

hich is almost identical to the previously reported value [37] . By 

sing Eq. (2) , the k values were determined to be approximately 

.02 × 10 –4 cm s –1 and 1.18 × 10 −4 cm s –1 for PANI_AuNPs/GCE 

nd PANI/GCE, respectively. 

Solution pH variation analysis was carried out to understand 

he effect of proton concentration on the oxidation of BPA at the 

ANI_AuNPs/GCE. Fig. 7 A shows CVs for solutions with pH in the 

ange of 4 to 9. With varying pH, both the peak potential and peak 

urrent changed for the BPA solutions, making it clear that BPA ox- 

dation at the PANI_AuNPs/GCE is dependent on proton concentra- 

ion. Fig. 7 B shows the peak current density (red plot) vs. support- 

ng electrolyte pH plot. The plot shows the highest current densi- 

ies around the neutral pH region (pH 6.0 and 7.0). BPA has a pKa 

alue of 9.3 [14] . Therefore, below pH 9.0, BPA primarily exists in 

ts neutral form and in its anionic phenolate form above this value. 

ith increasing pH, the proton pressure of the solution decreases. 

ig. 7 B also shows that with increasing pH, the peak potentials 

hift towards the negative. Hence, less energy is required for BPA 

xidation with decreasing proton pressure. Therefore, it is likely 
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Fig. 7. Solution pH effect on the oxidation of BPA at the PANI_AuNPs/GCE interface. A) CV measurements in 0.1 M PBS solutions with varying pH (4 − 9) containing 10 μM 

BPA. B) Plot of peak current densities (red) and peak potentials (blue) at different pH solutions. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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hat this decreased proton pressure is responsible for the higher 

urrent value observed for pH 6.0 and pH 7.0. These results indi- 

ate that oxidation of BPA is accompanied by deprotonation [ 8 , 13 ].

owever, in basic solutions, the peak current density decreases, 

hich may be due to the presence of the phenolate form of BPA 

14] . This anionic form might have hindered the approach of BPA 

t the electrode surface and resulted in the decreased peak current 

ensity. The relationship between proton and electron transfer can 

e determined from the following equation: 

 p = E o + 

0 . 059 

n 

log 

{
( Ox ) 

o 

( Red ) 
r 

}
− 0 . 059 m 

n 

pH (8) 

ere, Ep = peak potential, E ° = formal potential, m = number of 

roton transfer, and n = number of electron transfer. Therefore, 

rom the slope of peak potential vs. pH, m / n can be determined.

he slope of 0.051 is close to the theoretical value of 1:1 proton 

nd electron transfer [38] . We observed in the Tafel slope analysis 

hat overall 2e – transfer took place during BPA oxidation. Thus, the 

PA oxidation followed a 2e –/2H 

+ transfer process. 

.4. Possible oxidation mechanism of BPA at the PANI_AuNPs/GCE 

nterface 

In the previous section, we discussed the kinetics of BPA ox- 

dation at the PANI_AuNPs/GCE and PANI/GCE surfaces. The scan 

ate variation analysis revealed that the oxidation process is dif- 

usion controlled. Hence, between diffusion and adsorption of the 

nalyte at the interfacial region, diffusion is the slower step. We 

etermined the value of D to be 5.83 × 10 –6 cm 

2 s –1 from Eq. (7) .

cheme 2 A shows the diffusion of the BPA from bulk to the 

ANI_AuNPs/GCE interface. The slow diffusion coefficient of BPA 

ndicates that electron transfer occurred quickly once the analyte 

eached the PANI_AuNPs interface at the inner Helmholtz plane 

IHP). Scan rate analysis also revealed that the BPA oxidation pro- 

ess is irreversible from the plot of I p C 

–1 ν–1/2 against log ν . Then 

gain, the Tafel plot analysis revealed that the oxidation followed a 

wo-electron (2e –) transfer process with a slope of ≈39.7 mV dec –1 

nd 117.65 mV dec –1 for PANI_AuNPs/GCE and PANI/GCE, respec- 

ively. This is a multistep electron-transfer process, so we used the 

ockris and Reddy equation for determining the consecutive steps 

hat took place during BPA oxidation [39] : 

a = 

n b 

ν
+ n r β (9) 

ere, αa is the multi-step electron transfer coefficient, n b is the 

lectron transfer that took place before the RDS, v is the number 

f RDSs in the overall electrochemical reaction, n r is the number of 

lectrons transferred during the RDS, and β is the symmetry factor. 
8 
Solving Eq. (9) for the values n b = 1, n r = 1, v = 1, and β = 0.31

nd substituting the value of αa into Eq. (6) further confirmed 

hat the oxidation of BPA followed at least two-electron transfer 

teps, and the RDS is the second electron transfer step for the 

ANI_AuNPs/GCE. Again, taking n b = 0, n r = 1, v = 1, and β = 0.25

or PANI/GCE, we obtained a b value of 118.27 mV dec –1 from 

q. (6) . This indicates that at the PANI/GCE interface, the RDS for 

PA oxidation is the first electron-transfer step. This result is anal- 

gous to our experimental findings. Previous kinetic analyses on 

ater oxidation have shown that the first electron-transfer RDS is 

inetically less favorable then a second electron-transfer RDS [39] . 

An analysis of pH variation indicated that the BPA oxidation 

rocess is dependent on the proton concentration of the solution. 

q. (8) shows that the number of the proton ( H 

+ ) transfer was

lso two. Based on these analyses, we can conclude that in the 

ANI_AuNPs/GCE system, the BPA is oxidized by losing two pro- 

ons from its hydroxyphenyl groups. However, it is unlikely that 

he process included any chemical step between the electron trans- 

er steps and the oxidation reaction: 

However, the kinetic analysis alone is not sufficient to under- 

tand the electrocatalytic ability of PANI_AuNPs towards BPA oxi- 

ation at the PANI_AuNPs/GCE system because it does not give any 

olecular information. For this, we need to consider the physical 

nd electrochemical properties of the PANI_AuNPs composite. FE- 

EM analysis revealed that the ultrasonication method distributed 

uNPs throughout the PANI surface. Then, from EDS characteri- 

ation of the PANI_AuNPs composite, we saw that aside from C 

nd Au, it is also rich in N and O elements. XPS characteriza- 

ion revealed that PANI contained partial negative charge bearing 

unctional groups such as –OH, –COOH, and –NH. These groups, 

long with the AuNPs on the surface, may have provided the in- 

erfacial region for the interaction of BPA with PANI_AuNPs for 

he electron-transfer process. It is likely that the BPA approached 

he PANI_AuNPs surface and interacted through electrostatic forces 

ith the AuNPs and functional groups [29] . 

Hydrogen bonding may have also been part of the interac- 

ion process [ 23 , 30 ], as shown in Scheme 2 B. The pH variation

esults support this hypothesis. The AuNPs likely interacted with 

he oxygen groups of BPA, while the partial negative charge bear- 

ng functional groups of PANI interacted through the hydrogen 

toms. This then led to the first electron transfer at the lower pos- 

tive potential compared to the bare GCE. The process is shown in 

cheme 2 C. After the first electron transfer, the partially oxidized 

PA molecules required reorientation for the second electron trans- 

er to take place. Analysis of the Tafel plot showed that the sec- 

nd electron-transfer process was the RDS. However, this was still 

aster than the diffusion coefficient, as the k value was found to 
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Scheme 2. The possible oxidation mechanism for BPA at the PANI_AuNPs/GCE. A) Diffusion of BPA molecules from the bulk to the inner Helmholtz plane (IHP) and interaction 

with the PANI_AuNPs/GCE interface. B) Possible orientation of BPA molecules while interacting with the PANI_AuNPs surface. C) After transferring one electron, the partially 

oxidized BPA molecules at the interface of PANI_AuNPs. D) BPA molecules after the second electron transfer and complete oxidation at the PANI_AuNPs surface. 
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e 7.02 × 10 –4 cm s –1 , which is significantly higher than that for 

he PANI/GCE system. After complete oxidation, the BPA molecules 

ikely moved away from the PANI_AuNPs surface. This process is 

hown in Scheme 2 D. 

These results indicate that the PANI and AuNPs worked syner- 

istically during BPA oxidation. As a result, the electrocatalyst pro- 

ided an increased surface area that allowed for a higher quantity 

f BPA molecules to be oxidized. At the same time, the PANI_AuNPs 

nteracted with the BPA molecules to provide a lower activation 

nergy pathway for oxidation. The α value of 0.69 also confirmed 

his analysis, suggesting that conducting polymers that contain 

arious functionalities can be combined with metal nanoparticles 

hough ultrasonication to prepare highly effective BPA electrocata- 

ysts. 

.5. Quantitative detection of BPA at PANI_AuNPs/GCE interface 

We used the DPV technique for the quantitative detection of 

PA in various concentrations, as it is one of the common pulse 

echniques that can be used for sensitive detection of analytes. 

ig. 8 A shows the DPV plots for BPA in the concentration of 

 × 10 –9 M (0.003 μM) to 45.69 × 10 –6 M (45.69 μM) in neu- 

ral pH PBS (0.1 M). The concentration variation plots show that 

he current signal increased with each addition of BPA. However, 

t higher BPA concentrations, the peak potentials started to shift 

owards more positive potentials. This might be due to the fouling 

f the PANI_AuNPs/GCE surface. 

Peak current densities plotted against the concentrations of 

PA gave two linear fits ( Figs. 8 B and 8 C). The first linear fit

as from 0.003 to 0.064 μM, and the second linear fit was in 
9 
he range of 0.075 to 45.69 μM. The obtained regression equa- 

ions for the two linear fits were J pa (A cm 

–2 ) = –2.59 × 10 –10 

A cm 

–2 ) + 1.76 × 10 –6 (A cm 

–2 μM 

–1 ) × [BPA] (μM) and J pa 

A cm 

–2 ) = 1.64 × 10 –7 (A cm 

−2 ) + 2.68 × 10 –8 (A cm 

–2 

M 

–1 ) × [BPA] (μM). These equations show that the sensitivity for 

he 0.003–0.064 μM range was 1.76 μA cm 

–2 μM 

–1 , and for the 

.075–45.69 μM range it was only 0.027 μA cm 

–2 μM 

–1 . This re- 

ult confirmed that at higher concentrations of BPA the electrode 

as lower sensitivity. The LOD was determined to be 0.0 0 04 μM 

0.4 nM) using the formula LOD = 3.3 × SD/S, where SD = stan- 

ard error and S = slope. The high sensitivity and low LOD value 

uggest that the PANI_AuNPs/GCE is a highly effective BPA sensor. 

he performance of the PANI_AuNPs/GCE is compared with other 

PA sensors in Table 1 . A comparison of the data shows that the 

roposed PANI_AuNPs/GCE has a lower LOD and wider linear range 

ompared to many of the reported electrochemical BPA sensors. 

.6. Testing the selectivity of the PANI_AuNPs/GCE toward BPA 

It is important that the sensor avoids interference from un- 

anted chemical species so that it can give an accurate quantita- 

ive result of BPA. Therefore, we tested its response to other chem- 

cals that are usually present with BPA in the environment [17] . 

e used 0.1 M PBS of 0.1 (pH 7.0) and the DPV technique to an-

lyze a 1 μM solution of BPA. The red curve in Fig. 9 shows that

here was a clear response from the electrode for the BPA solution. 

o test the interfering species, we used at least a 500 times higher 

oncentration; concentrations of HQ, phenol, 4-nitrophenol (4-NP), 

nd CT were 0.5 mM or 500 μM, and NaCO 3 and NH 4 Cl were tested

n 1 mM concentrations. The rest of the interfering chemicals were 

resent in a concentration of 10 mM. As shown in Fig. 9 , there
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Fig. 8. DPV plots of various concentrations of BPA in 0.1 M PBS (pH 7.0) supporting electrolyte solution and their corresponding calibration plots. A) The following BPA 

concentrations were utilized for the concentration variation analysis: 0.003, 0.06, 0.01, 0.015, 0.02, 0.028, 0.035, 0.044, 0.053, 0.064, 0.075, 0.087, 0.1, 0.11, 0.52, 0.91, 1.43, 

2.06, 2.81, 3.67, 4.64, 5.74, 6.89, 8.05, 9.26, 12.92, 20.22, 31.16, and 45.69 μM. B,C) Peak current density (J pa ) vs. concentration plots with linear fitting equations. 

Table 1 

Comparing the linear range, sensitivity, and LOD of the PANI_AuNPs/GCE for BPA oxidation with previously reported sensors. 

Modified Electrode Technique 

Linear Range 

(μM) Detection Limit (μM) 

Sensitivity(μA 

cm 

–2 μM 

–1 ) Reference 

XOD/GCE amperometry 0.001–0.041 0.001 0.025 [7] 

PANI/MWCNT/PGE amperometry 1 − 400 0.01 − [8] 

AuNPs/SGNF/GCE LSV 0.08 −250 0.035 − [11] 

AuNPs/PVP/PGE SWAdSV 0.023 −1.10 0.001 − [12] 

Rh 2 O 3 –rGO/GCE CV 0.6 − 40 0.12 − [13] 

Cu_Zn/GO/GCE SWV 0.003 −20 0.00088 − [14] 

Ru/PANI/g-C 3 N 4 DPV 0.01 −1.1 0.00018 1.6 [17] 

PANI-GO/GCE DPV 0.002 −0.1 

0.1 − 3 

0.0005 − [18] 

AuNPs/CBNPs/SPCE DPV 0.01 −10 0.0003 − [19] 

NiNP/NCN/CS/GCE DPV 0.1 − 2.5 

2.5 − 15 

0.045 − [40] 

MWCNTs-PDDA-AuPd/GCE DPV 0.18 −18 0.006 − [41] 

PANI_AuNPs/GCE DPV 0.003 −0.064 

0.075 −45.69 

0.0004 1.76 

0.027 

This Work 

XOD: xanthine oxidase; MWCNT: multi-walled carbon nanotube; PGE: pencil graphite electrode; SGNF: stacked graphene 

nanofibers; PVP: polyvinylpyrrolidone; rGO: reduced graphene oxide; CBNPs: carbon black nanoparticles; NCN: nitrogen-doped 

carbon nanosheet; PDDA: poly(diallyldimethylammonium chloride). 

Fig. 9. Testing the selectivity of PANI_AuNPs/GCE sensor in the presence of interfer- 

ing species. DPV plots showing the response of PANI_AuNPs/GCE in the presence of 

BPA, CT, HQ, NaCO 3 , NH 4 Cl, KBr, KNO 3 , MgSO 4 , NaCl, NaNO 2 , NH 4 CO 3 , ZnSO 4 , 4-NP, 

and phenol. 
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ere slight changes in the charging current for different interfer- 

ng species. None of them showed any detectable signal in the po- 

ential window of BPA oxidation, whereas 1 μM BPA gave a clear 

esponse. This analysis demonstrates that the PANI_AuNPs/GCE can 

etect BPA with excellent selectivity, even in the presence of inter- 

ering species in extremely high concentrations. 
10 
.7. Stability and reproducibility of BPA oxidation at PANI_AuNPs/GCE 

nterface 

We tested the experimental stability of the PANI_AuNPs/GCE 

ith DPV experiments. Fig. 10 A shows 45 consecutive DPV plots 

aken in BPA solution. The data shows very little change with re- 

pect to consecutive DPV runs. The small RSD value of 3.49% shows 

hat the PANI_AuNPs/GCE system is very stable in 1 μM BPA so- 

ution. The modified electrodes were stored for 28 days at RT for 

hecking the storage stability. The peak current signal decreased by 

.31% at the 28th day compared to the newly modified electrode. 

We tested the reproducibility of the PANI_AuNPs/GCE by modi- 

ying four different GCEs with PANI_AuNPs. DPV plots of 1 μM BPA 

n 0.1 M neutral PBS were recorded, and the peak current values 

re shown in Fig. 10 B. The four electrodes showed almost simi- 

ar peak current values. Both the stability and reproducibility tests 

onfirm that the PANI_AuNPs/GCE is suitable for practical purposes. 

.8. Detecting BPA in water samples and beverage with 

ANI_AuNPs/GCE 

In order to test the effectiveness of the PANI_AuNPs/GCE sen- 

or for practical applications, we used tap water, water from plas- 

ic bottles, and canned beverages. The tap water was used as is 
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Fig. 10. Stability and experimental reproducibility data. A) 45 consecutive DPV plots taken for 1 μM BPA in 0.1 M neutral PBS. B) Peak current density values for four 

different electrodes taken in a solution of 1 μM BPA in 0.1 M neutral PBS. 

Table 2 

BPA detection test using PANI_AuNPs/GCE sensor with tap water, bottled water, and 

canned beverage. 

Tap Water 

Sample no. BPA added (μM) BPA found (μM) a RSD (%) Recovery (%) 

1 0.5 0.51 1.40 102 

2 0.75 0.73 1.91 97.33 

3 1 0.99 0.71 99 

4 5 4.96 0.57 99.2 

Bottled Water 

Sample no. BPA added (μM) BPA found (μM) a RSD (%) Recovery (%) 

1 0.5 0.49 2.89 98 

2 0.75 0.74 0.94 98.67 

3 1 1.03 1.40 103 

4 5 5.23 3.18 104.6 

Beverage 

Sample no. BPA added (μM) BPA found (μM) a RSD (%) Recovery (%) 

1 0.5 0.52 2.77 104 

2 0.75 0.77 1.86 102.67 

3 1 1.02 1.40 102 

4 5 5.19 2.64 103.8 

a Average of four tests. 
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ecause it contains various ionic species that might interfere with 

PA sensing [42] . For these tests, we spiked the samples with 0.5, 

.75, 1, and 5 μM BPA. Each sample was tested four times, and the 

verage of the results is reported in Table 2 . The results show that

he PANI_AuNPs/GCE sensor performs very well in detecting BPA in 

eal samples. 

onclusion 

We reported a highly sensitive BPA sensor in which PANI 

nd AuNPs composites were utilized as the electrode material. 

wo synthetic pathways were followed to prepare the composites. 

irstly, PANI was prepared via chemical initiation followed by ter- 

ination with distilled water. Secondly, the PANI_AuNPs composite 

as synthesized via an ultrasonication method. The composite ma- 

erial retained the crystalline Au structure, as confirmed through 

RD analysis. The crystalline nature of AuNPs likely increased the 

onductivity of the composite to facilitate the oxidation of BPA. We 

lso studied the oxidation kinetics through CV, CPSV, and Tafel plot 

nalysis. These studies demonstrated that the oxidation of BPA is a 

wo-electron-transfer process. Furthermore, the oxidation occurred 

hrough a multistep reaction process in which the second step was 

ikely the RDS. To understand the mechanism beyond the kinetic 
11 
valuation, we further analyzed how the composite interacted with 

he BPA molecule. It is likely that the surface functional groups of 

ANI and AuNPs actively participated in electrostatic interactions 

ith the BPA. Finally, both PANI and AuNPs in the composite as- 

isted in the successful anchoring of BPA over the electrode surface 

nd consecutive facile electron transfer. The electrode showed two 

inear ranges from the nanomolar to micromolar region (0.003–

.064 μM and 0.075–45.69 μM), with an LOD as low as 0.4 nM. 

e further utilized the sensor to detect BPA in tap water, bottled 

ater, and canned beverage, which confirmed its effectiveness in 

eal-time analysis. 
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