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In the present work, the ultrathin exfoliated Ni,Al layered double hydroxide (ELDH) nanosheets were
prepared by using L-asparagine as pre-intercalator in aqueous medium. The transmission electron
microscopy and atomic force microscopy images displayed that ELDH nanosheets had lost the origi-
nal hexagon of hydrotalcite with about 200 nm lateral size and less than 3 nm thickness. Then a sensitive
electrochemical sensor was fabricated for bisphenol A (BPA) detection based on ELDH modified glassy
carbon electrode with aid of film-forming agent chitosan. The proposed sensor showed an efficient elec-

g?f/glvgtg layered double hydroxide trocatalytic performance on the oxidation of BPA with the enhanced oxidation response and the lowered
nanosheets oxidation overpotential (0.489 V). Differential pulse voltammetry (DPV) was employed for the determi-
Bisphenol A nation of BPA with a wide linear range from 0.02 to 1.51 wM. The detection limit was calculated as 6.8 nM

(S/N=3). The resultant sensor exhibited good reproducibility, selectivity and acceptable stability due to
the contribution of the more active sites and the large surface area from ELDH nanosheets. Additionally,
the concentrations of BPA in milk samples were analyzed by this developed method with an acceptable

Differential pulse voltammetry
Electrochemical oxidation

result.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)propane), the
important monomer and plasticizer, has a high production volume
more than six billion pounds produced worldwide each year [1].
BPA can be used as the raw materials for the synthesis of polyester
resins, epoxy resins, polycarbonate plastics, flame retardants, and
other special products, which are extensively used in wide range
including food containers or packaging, inner coating of food cans,
beverage cans, water bottles, baby bottles, dental sealants and drug
delivery systems [2]. Owing to the generous use of BPA-based prod-
ucts in daily living, BPA is present in a wide array of food, water,
air, soil and the bodies of living organism and human [3]. Unfortu-
nately, BPA can interfere with hormonal activities in the growth,
thereby giving rise to the sexual dysfunction or differentiation, the
impaired immune function and the enhanced cancer risk of various
cancers (e.g. testicular, prostate and breast cancer) even at very low
concentration [4,5]. For the sake of public health and safety, devel-
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opment of a highly sensitive, selective, and reliable method for BPA
detection is a fairly important task.

The techniques based on chromatography coupling with flu-
orescence, ultraviolet or mass spectrometry are high sensitive
methods for the determination of BPA. However, the disadvan-
tages of expensive instrument, cumbersome sample pretreatments
and professional operators greatly reduce their applicability [6].
Enzyme linked immunosorbent assay [7], molecular imprinting
[8] chemiluminescence [9], surface-enhanced Raman scattering
[10] and fluorescence techniques [11] have also been developed
for the detection of BPA. By comparison, electrochemical sen-
sors have widely employed as an acceptable technique because of
their reliability, instrument simplicity, simple operation, timesav-
ing, excellent sensitivity, fast and real-time in situ analysis [12,13].
Although an electro-active species containing phenolic structure,
detecting BPA on bare electrode is inapplicable because of the irre-
versible fouling. Additionally, the involving high overpotential can
increase the interference of analysis and result in low selectivity
and sensitivity [14,15].

It is well known that sensing materials are crucial to the
performance of electrochemical sensor. As a result, different
nanoparticlels have been used as modifiers to advance the elec-
trochemical signals of BPA. For example, carbon support materials
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(carbon nanotube, graphene, porous carbon and carbon nanowires)
[16], mesoporous silica [17], quantum dots [18], ferroferric oxides
[8], aptamer-gold [19] and tyrosinase-rGO [5] have been success-
fully employed as interface matrices for BPA monitoring. Layered
double hydroxide (LDH), also named as hydrotalcite-like or anionic
clays, presents a class of lamellar solid with the chemical compo-
sition formula of [M;_x"My"(OH), **[(A™~ )y,-mH,0], where M"
and M respectively stand for divalent and trivalent metal cations
in the hydrotalcite layers. The isomorphous substitution of M!' by
M brings out the positively charged hydrotalcite-like layers bal-
anced by the interlayer anions (A"~) and water molecules. In LDH
nanostructure, the octahedral MOg blocks share their edges to form
the extended 2D sheets, in which metal cations and hydroxide
anions are respectively located in the centers and the vertexes
of octahedra. Recently, LDH has shown the promising applica-
tion prospect in electro-catalysis, adsorption, drug deliver and
biotechnology owing to their desirable ion-exchange capability,
open layered structure, positive charge nature, high surface area
and better biocompatibility [20-23]. Specifically, several classes of
LDH have been used as sensing materials for fabrication of phenol
sensors or biosensors. Shan et al. have fabricated phenol biosensors
by immobilizing polyphenol oxidase on LDH modified electrode
[24]. An amperometric phenol biosensor has been developed using
chitosan/LDH hybrid as modifier [25]. Yin et al. have constructed
the BPA electrochemical sensor by LDH modified electrode [15].
Our group has also designed an ionic functionalized LDH modified
electrode for BPA sensitive determination [26]. Although the bet-
ter electrocatalytic potential of LDH to BPA, the strong tendency to
form agglomerates only affords the low electron transportation and
the preservation of most MOg active sites in LDH aggregates has not
yet exerted their perfect catalytic performance. The exfoliation is an
effective solution to obtain well dispersed LDH nanoplatelets with
more MOg active sites exposed and accessible. As aresult, exfoliated
LDH nanosheets can offer an enhanced elelctrochemical surface
area and a decreased mass transfer resistance, thereby guarantee-
ing the efficient entrapment and the high electrocatalytic activity
toward substrate [21]. However, the single- or several-layer LDH
nanosheets have been not yet used to fabricate an electrochemical
sensor for electrocatalysis investigation of BPA.

Recent years, exfoliation of LDH in amino acids aqueous solution
has emerged as an efficient approach to produce two-dimensional
LDH nanosheets with high surface activity relative to their bulk
counterparts [27]. In the present work, therefore, the water soluble
amino acid of L-asparagine [H,NCOCH,CH(NH;)COOH], with sim-
ilar structure to formamide, was employed as pre-intercalator for
LDH delamination in aqueous medium. We assumed that exfolia-
tion of LDH could not only improve the accessibility to inner surface
of host matrixes, but also enhance the electrocatalytic activity of
anisotropic hydrotalcite-like nanosheets. Therefore, only the 2D
positively charged LDH nanosheets without any conductive compo-
nent were further used to prepare the modified electrode for study
of the behaviors and determination of BPA. The electrochemical
performance of LDH nanosheets was also compared with the bulk
LDH counterpart, which might demonstrate the establishment of a
BPA sensor with desirable properties.

2. Experimental
2.1. Reagents and apparatus

BPA and chitosan were respectively purchased from Aladdin
Chemistry Co. (Shanghai, China) and Beijing Chemical Co., (China).
Other chemicals were directly used as analytical grade without
further purification.

Electrochemical measurements were performed on CHI660D
electrochemical workstation (CHI, China). A three-compartment
electrochemical cell contained a modified glassy carbon electrode
(GCE, @ =3 mm) as working electrode, a platinum wire and a satu-
rated calomel electrode (SCE) respectively as auxiliary electrode
and reference electrode. X-ray power diffraction (XRD) patterns
were collected using a Rigaku DLMAX 2550V diffractometer (Japan)
with Cu Ka radiation (A=0.154178 nm, graphite monochroma-
tor, 28kV and 20 mA) from 3° to 70° with a scanning speed
of 10°min~'. Morphology of solid sample was evaluated by a
JSM-2000EX transmission electron microscope (TEM, Japan) and a
JSM-6610 scanning electron microscope (SEM, Japan). Atomic force
microscopy (AFM) images were recorded using a Seiko SPA 400
controller by DFM/Tapping model.

2.2. Synthesis and exfoliation of LDH

2.2.1. Synthesis of Ni2AI-NO3— LDH

According to the our previous report [26], NiCl,-6H,0,
AlCl3-6H,0, and urea were uniformly dissolved in 1000 mL of
deionized water with their final concentrations as 10, 5, and 35 mM,
respectively. Then, under magnetic stirring, the mixed solution was
heated for 48 h at 97 °C. The green NiyAl-LDH solid was collected
as CO32- type (LDH-CO32~) by centrifugation and washed with
deionized water and anhydrous ethanol. Then 1.0 g of LDH-CO32~
was dispersed into 1000 mL of mixed aqueous solution of 1 M NaCl
and 3.3 mM HCI. After agitating nitrogen gas for 30 min, the sealed
vessel was shaken for 12 h at ambient temperature. The obtained
LDH-CI~ was added to 1000 mL of 0.1 M NaNO3 aqueous solution.
After same process as above, LDH-NO3;~ phase was successfully
synthesized.

2.2.2. Exfoliation of LDH-NO3

Enough L-asparagine was added to 300 mL deionized water and
stirred for 20 min at 45°C to form a saturated aqueous solution.
Then 0.3 g LDH-NO3~ was added to the L-asparagine solution. After
sonication and purging with nitrogen gas for 15 min, the reac-
tor was sealed and agitated vigorously for 2 days with a speed of
200rpm at the same temperature. The resulting dispersion was
centrifuged for 10 min at 2000 rpm to remove the unexfoliated par-
ticles. The upper mixture was stored at 4 °C overnight and then the
crystallized L-asparagine was separated by filtration. The exfoli-
ated NiyAl-LDH nanosheets (ELDH) were obtained as a light green
and translucent colloidal suspension. The above suspension was
concentrated to ELDH concentration as 3 mg/mL.

2.3. Preparation of ELDH/GCE

The GCE was polished to a mirror-like surface with 0.05 pm alu-
mina powder and thoroughly cleaned with redistilled water before
modification. Then, 8 wL ELDH suspension was cast on the clean
GCE surface with a microinjector. Afterward, 3 pL of 0.5% chitosan
acetic acid solution was coated on the ELDH modified electrode
and dried at room temperature. The resultant modified electrode
was denoted as ELDH/GCE. For comparison, LDH-CO32~ modified
GCE (LDH/GCE) was fabricated by the similar procedure. The pro-
cedure for the materials preparation and electrochemical sensor
fabrication are illustrated in Scheme 1.

2.4. Preparation of real sample for determination

The fresh liquid milk and milk powder were purchased from
Liqun supermarket (Qingdao, China). According to the literature
[28], 5.0mL of liquid milk was first mixed with 25 mL PBS solu-
tion. After one hour sonication, the mixture was centrifuged at
12000 rpm for 15 min. The collected supernatant was diluted with
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Fig 1. XRD patterns (B) of LDH-CO32~ (a) and LDH-NO3~ (b).

PBS (pH=8.5) solution to the calibration line of 25 mL volumetric
flask. Finally, the obtained liquid milk sample was used to carry out
the BPA standard spiked experiment. The milk powder sample was
obtained by the similar procedure as above except that 2.5 g of milk
power was used. The samples without containing BPA were used
as negative control.

3. Results and discussion

3.1. Structure and morphology characterization of LDH and ELDH
Fig. 1 shows the XRD patterns of LDH-CO3%~ and LDH-NO3~.

Pristine LDH-CO32~ (Fig. 1a) presents the sharply characteristic

(003), (006), (112), (015), (018), (110), and (113) peaks. Its dgg3
value of 0.758 nm is identical to the previous report for LDH-CO32~

[26]. The cell parameters of a (2d119) and ¢ [3/2(dgo3 +2dgog)] were
respectively calculated as ca. 0.3042 and ca. 2.3486 nm, indexing a
hexagonal lattice of LDH with high crystallinity and fine purity [27].
For ELDH preparation, CO32~ must be removed from the interlayer
of LDH. So LDH-NO3~ phase was firstly synthesized after continu-
ous ion-exchange with CI~ and NO3~. XRD of LDH-NO3~ (Fig. 1b)
displays the shift of typical reflections to lower 26 with relatively
weaker intensity. The dgg3 basal spacing is enlarged to 0.882 nm
[29]. These results suggested that LDH-CO32~ had been completely
transferred into LDH-NO3 ~ form. The widened interlamellar spac-
ing is preferable for the further exfoliation of LDH.

The pristine LDH-CO32~ was first prepared by the general
solvothermal coprecipitation technique in presence of urea. The
obtained crystals are a light green fine powder and can be well dis-
persed in water. Its TEM image (Fig. 2a) shows the classic hexagonal
flakes with the lateral size of 1-2 wm. The slow urea hydroly-
sis process offers the perfect hydrotalcite morphology with high
crystallinity, which is significantly beneficial to the next delami-
nation. After NaCl-HCI treatment and anion exchange by NaNOs,
the strongly associated CO32~ anions were fully replaced by NO3~
counterparts. Then LDH-NO3~ were exfoliated in L-asparagine
saturated aqueous solution [27]. The as-prepared ELDH colloid
solution exhibited a Tyndall effect. The ELDH nanosheets with
about 200 nm lateral sizes could be observed from its TEM image
(Fig. 2b). After exfoliation, The ELDH particles lost their original
hexagon accompanying the emergence of irregular nano-platelets
morphology. Some nanosheets were very transparent so that sev-
eral platelets could be seen through each other. These results
revealed that ELDH had ultrathin property and were broken into
small sized nanoflakes due to the delamination treatment [29].
The ultrathin nature of ELDH was also confirmed by their AFM
result. The image of a 0.8 x 1.2 wm? area (Fig. 2¢) exhibits that ELDH
nanoparticles are not uniformly dispersed and some hydrotalcite
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Fig. 2. TEM images of LDH-CO32~ (a) and ELDH (b); AFM images of a 0.8 x 1.2 wm? area of ELDH (c) and cross-sectional analysis along the blue line in ¢ (d). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

flakes are overlapped together. The topographic height was gotten
less than 3 nm according to cross-sectional analysis (Fig. 2d). There-
fore, single- or multi-layer LDH nanosheets had been successfully
prepared, which could make a contribution to enhance the electro-
catalytic ability because of large surface area and more active sites
exposure.,

3.2. Electrochemical characterization of ELDH modified GCE
(ELDH/GCE)

To evaluate the electron transfer nature of sensing materials,
cyclic voltammograms (CVs) measurements of GCE, LDH/GCE and
ELDH/GCE were carried out in 5mM Fe(CN)g3~/4~ (Fig. 3A). Com-
pared with bare GCE (curve a), redox currents of LDH/GCE (curve
b) are distinctly increased with a smaller peak-to-peak separa-
tion (AEp) of 96 mV. The results could be ascribed to the fast
mass transfer and larger surface-to-volume ratio of LDH nano-
structure. While LDH were exfoliated into single- or several layers,
the bigger redox peaks were appeared on ELDH/GCE (curve c)
with the smallest AEp value of 81 mV. An apparent increase of
electrochemical response demonstrated that the enlarged surface
area and much more exposed active sites resulted in the easier
electron transfer from bulk LDH to ultrathin ELDH nanosheets.
Moreover, the improved electrostatic attraction between the posi-
tively charged ELDH and the negatively charged Fe(CN)g3~/4~ probe
could also play an important effect on the electrochemical sig-
nals. Electrochemical impedance spectroscopy (EIS) was also used
to characterize the modified electrode. The linear section of EIS
represents the diffusion-limited process, and the semicircle por-
tion relates to the electron transfer-limited process [15,26]. Fig. 3B
shows Nyquist diagrams of 5mM [Fe(CN)g]3~/4~ in 0.1 M KCI at
different electrodes. The impedance spectra of three modified elec-
trodes were fitted with the Randles’ equivalent circuit (Inset of

Fig. 3B), which were well matched with the experimental data. Bare
GCE (curve a) presents a small well defined semicircle at higher fre-
quencies, suggesting a low transfer resistance. When LDH and ELDH
are anchored on GCE surface by film-forming agent chitosan, the
impedances of the modified electrodes are dramatically increased
because of the non-conductivity of chitosan and LDH in the film.
However, by comparison with bulk LDH, ELDH could obviously
accelerate the electron stransfer of Fe(CN)g3~/4-. It could be sug-
gested that the more positive charges and exposed active sites of
ELDH could attract more Fe(CN)g3~/4- to the underlying electrode
surface.

3.3. Electrochemical behaviors of BPA

Fig. 4 shows CVs of GCE (a), LDH/GCE (b) and ELDH/GCE (c)
of 0.1 mM BPA in 0.1 M pH=8.5 PBS. Only the well-defined oxi-
dation peaks without reduction currents were observed at all the
electrodes in selected potential window, indicating a typical of
absolutely irreversible electrode reaction [ 17,30]. Furthermore, the
oxidation signals of BPA had completely vanished at third seg-
ment during the successive scanning on all electrodes (Inset of
Fig. 4 giving the example of ELDH/GCE). This phenomenon could
be due to the fact that the oxidative products contaminated the
electrode surface, thereby terminating the continuous oxidation of
BPA [15,30,31]. So the initial anodic sweep was chosen to inves-
tigate the electrochemical behaviors of BPA in this work. At bare
GCE (curve a), a smaller oxidation peak could be seen with a higher
oxidation potential at 0.525V, revealing that the direct electro-
chemistry of BPA was a relatively slow process. While at LDH/GCE
(curve b), the oxidation current had been obviously improved at a
lower oxidation potential (0.510 V). The enhanced electrochemical
performance could be ascribed to the favorable catalytic activity
and positively charged surface of LDH. However, ELDH/GCE (curve
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Fig. 3. CVs (A) and Nyquist plots (B) of GCE (a) and LDH/GCE(b) ELDH/GCE(c) in 5 mM Fe(CN)s3~/4- (1:1) solution containing 0.1 M KCL. (Scan rate: 100 mV/s). In Nyquist
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Fig. 4. CVs of GCE(a), LDHs/GCE(b), ELDHs/GCE (c) of 0.1 mM BPA in 0.1 M PBS
(pH=8.5). Scan rate: 100 mV/s. Accumulation time: 100s. Accumulation potential:
—0.3V. Inset: CV of eldh/GCE with multiple scans in 0.1 mM BPA.

c) exhibits the bigger oxidation peak with more negative anodic
potential at 0.489V than those for LDH/GCE. Its oxidation poten-
tial is also smaller than previous reports such as Si/boron-doped
electrode (1.2 V, vs. SCE) [14], carbon paste electrode (0.89 V, vs.
SCE) [32], GCE (0.65 V, vs. Ag/AgCl) [33] and PAMAM/Fe304/GCE
(0.541 V vs. SCE) [34]. It was supposed that the more exposed active
sites and positive charges of ELDH entrapped more BPA molecules
for their catalytic oxidation. In other words, exfoliation made the
edge-sharing octahedral MOg moieties more accessible [21], which
could afford more positive charges and coordination-sites for the
capture and oxidation of BPA. Moreover, the ultrathin and small size
nature with enlarged surface area could also facilitate the electron
exchange of BPA with electrode.

3.4. Effects of pH

The effects of pH on the oxidation of BPA at ELDH/GCE were
performed in the pH range from 4.5 to 10.5 (Fig. 5A). The oxi-
dation peak currents gradually increase with pH value increasing
from 4.5 to 8.5 (Fig. 5B, curve a). When the solution pH exceeds
8.5, the oxidation peak current conversely decreases. The optimal
pH value is lower than the pK; of BPA (pK;=9.73) [35], reveal-
ing that ELDH could more easily absorb the non-dissociated BPA
than the dissociated form in weak alkaline environment. Consider-
ing the sensitivity, a pH of 8.5 was chosen for the experiments.

A good linear relationship was observed between the oxidation
peak potential (Epa) and pH value (Fig. 5B, curve b), indicating
that protons were directly involved in the oxidation of BPA. The
linear equation is Ep; (V)=-0.053 pH+0.942 (R=0.998). The the-
oretical value for slope can be obtained according to the Nernst
equation: dE(mV)/dpH=-59 m/n, where m and n are the number
of proton and electron involving electrode reaction. When m is
equal to n, the resulting theoretical value of 59mV pH-! repre-
sents the perfectly equal number of proton and electron transfer
process [17]. Hence, the slope of 53mV pH-! for this work can
indicate that the number of electron transfer is equivalent to that of
proton participating in the electro-oxidation of BPA on ELDH/GCE
[17,30].

3.5. Effects of scan rate

CVs of BPA on ELDH/GCE at different scan rate (v) were also
determined for further understanding mechanism. As shown in
Fig. 6A, the peak currents increase linearly against scan rate in
the range from 25 to 350 mV/s, suggesting a typical absorption-
controlled process at ELDH/GCE. The result also manifests that
ELDH is quite favorable material for the pre-concentration and
quantitative analysis of BPA on the modified electrode [36].
Moreover, a linear relationship of Epa vs. Inv was obtained as
Epa=0.372+0.026 In v (R=0.998,). As for an adsorption-controlled
and totally irreversible electrode process, Ep, is defined by the
Laviron equation [37]: Epa =E°+(RT/anF) In(RTk®/anF)+(RT/anF)
In v, where « is transfer coefficient, k9 is standard rate constant
of the reaction, n is electron transfer number involved in rate-
determining step, v is scan rate, EC is formal redox potential, R
is the gas constant, T is the absolute temperature, and F is the
Faraday constant. Generally, o is assumed to be 0.5 in the totally
irreversible electrode process. Thus, according to the slope of above
linear correlation, the electron transfer number (n) is calculated
to be about 2 (generally taking T=298K, R=8.314]JK 1 mol!,
and F=96480Cmol-1). On the whole, the electrooxidation of
BPA at ELDH/GCE is a two-electron and two-proton transfer
process. Hence, the mechanism for electrocatalytic oxidation
of BPA on the fabricated senor could be expressed as follows
(Scheme 2).

3.6. Effects of ELDH content, accumulation time and potential

The optimization of ELDH amount on the electrode surface was
studied in pH 8.0 PBS solution containing 0.1 mM BPA. In Fig. 7, the
oxidation peak current increases with increasing concentration
of ELDH from 0 to 8 pL, while decreases with ELDH suspension
further increasing. This result might be caused by the aggregated
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LDH sheets and the increased film thickness, which may lead
to the lower electron transfer in BPA oxidation process. Hence,
8 L of 3 mg mL~! ELDH colloidal solution was used to modify GCE
throughout this work.

The adsorption of BPA on the GCE could also affect the cur-
rent response, so the relationships between the peak current
and accumulation time/potential were respectively investigated.
As shown in Fig. 8A, the oxidation peak current of BPA gradu-
ally increase with accumulation time and reaches saturated and
stable after 120s. It could be speculated that the adsorption
and/or exchange of BPA achieved equilibrium at this moment.
So the accumulation time was set at 120s. Fig. 8B illustrates
that the oxidation peak occurs the maximum with the accu-
mulation potential at —0.20V. Then the peak current decreases
with further increasing accumulation potential. Therefore, the
accumulation potential of —0.20V was used in further experi-
ments.

3.7. Chronocoulumetry

The effective surface areas of bare GCE, LDH/GCE and ELDH/GCE
can be determined by chronocoulometry in 0.1 mM K3[Fe(CN)g]
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solution containing 1.0 M KCl. The calculation equation was given
by following Anson equation [38].
11
2nFAcD2 t2
Q)= -1

T2

+ Qai + Quds (M
where A is the effective surface area of working electrode, c is
the concentration of substrate, D is the standard diffusion coeffi-
cient of [Fe(CN)g]3~ (7.6 x 10-6 cm? s~1 at 25 °C), Qq; is double layer
charge which could be eliminated by background subtraction, Q,4s
is Faradic charge. Basing on the slope of the plot of Q vs. t1/2 in
Fig. 9A, A values for GCE, LDH/GCE and ELDH/GCE were calculated
to be 0.058 cm?, 0.104 cm? and 0.179 cm?, respectively. Obviously,
ELDH nanosheets modification could increase the electrochemi-
cal effective surface area (3 folds of bare GCE), which enhanced
the current response toward Ks;[Fe(CN)g] for the proposed sen-
sor. The diffusion coefficient D and Faradic charge Q,4s; of BPA at
ELDH/GCE were determined by using chronocoulometry experi-
ments in 0.1 mM BPA PBS (pH 8.5) solution. As illustrated in the
inset of Fig. 9B, Q is linearly proportional to t!/2 with a slope of
7.84x 1076 C s/2 and an intercept (Quqs) of 8.78 x 10~7 C. As a
result, D could be obtained as 4.04 x 10-6 cm? s~! according to
Equation (1). Based on the equation Q.45 =nFAIs, the adsorption
capacity I's of BPA at ELDH/GCE was calculated to be 2.55 x 10~11
mol cm~2. The standard heterogeneous rate constant (ks) for com-
pletely irreversible oxidation of BPA at ELDH/GCE is calculated by
the following equation [39]:

ks = 2.415 exp(—0.02F/RT)D/2(E, — E, ;5)"/2v1/2(2)

where Ep and Ep, stand for the peak potential and the poten-
tial at I=Ip/2, respectively. In present work, Ep—Epp;=34mV,
D=4.04 x 10~5cm? s~1,v=100 mV/s and T=298 K. The ks value was
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Fig. 10. DPV curves of BPA at ELDH/GCE in 0.1 M pH 8.5 PBS containing different
concentrations of BPA (a-j: 0.02-1.5 wM). Insert: liner calibration curve. Amplitude:
0.05 V; pulse width: 0.2 s; pulse period: 0.5 s.

thereby obtained as 3.82 x 10-3 cm s~!, indicating a fast electron
transfer process.

3.8. Differential pulse voltammetric determinations

Differential pulse voltammetrys (DPV) for BPA in various
concentrations were performed at ELDH/GCE in the optimum
conditions. Fig. 10 displays that the oxidation peak currents are
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Table 1

Comparison of proposed sensor for determination of BPA with others.
Modified electrode Analytical technique Linear range (M) LOD (nM) Ref.
Tyrs—APTES/nTiO,/Ti Impedance method 0.01-1 10 [12]
PGA/MWCNT-NH,/GCE DPV 0.1-10 20 [40]
CoPc-CPE? DPV 0.088-12.5 10 [41]
MCM-41/CPE DPV 0.22-8.8 38 [17]
GR-IL/GCE LSV 0.02-2 8 [42]
LDH/GCE DPV 0.01-1.05 5 [15]
CS/MNPs-rGO/GCE DPV 0.06-11 16.7 [43]
CS-Fe304/GCE DPV E 0.05-30 8 [44]
Pt/GR-CNTs/GCE DPV 0.06-10.0 42 [31]
AuNPs/SGNF/GCE LSV 0.08-250 35 [45]
CTS-GR/CILEP DPV 0.1-800 26.4 [46]
Boron-doped diamond electrode DPV 0.44-5.2 210 [47]
ELDH/GCE DPV 0.02-1.51 6.8 This work
@ CPE: carbon paste electrode.
b CILE: carbon ionic liquid electrode.

Table 2

Interferences of other species on 5 wmol L~! BPA.
Interferents C(mol L-1) Ipa change (%) Interferents C(mol L 1) Ia change (%)
Ca?* 5x 104 -2.7 NO3~ 5x 1074 -2.3
Mg2* 5% 104 +3.2 Phenol 2.5x 1074 +5.2
Zn?* 5x10°4 +2.8 Hydroquinone 2.5%x 1074 +5.6
Cu? 5% 104 -3.1 Hydroxyphenol 25x 1074 +4.7
Fe3* 5x 104 -35 Pyrocatechol 2.5x 1074 +4.8
AP* 5x 104 -29 2-Nitrophenol 2.5x10°4 +5.9
S042- 5x104 -2.0 4-Nitrophenol 25x10~* +6.1

proportional to the concentration of BPA in a wider range from
2x 1078 to 1.51x 1076 M. The linear equation was expressed
as Ipqg (MA)=-1.422¢(nM)—0.337 (R=0.9977), and the detection
limit was estimated as 6.8 x 10~2 M (S/N=3). It can be seen that
ELDH/GCE is essentially superior or comparable to the previous
reports. The data of comparison are illustrated in Table 1. The lower
detection limit can be contributed to the large surface area and
more exposed active sites of ELDH nanosheets. Thus, ELDH/GCE
could be used as a desirable sensor for BPA detection.

3.9. Reproducibility, stability and selectivity

The reproducibility of ELDH/GCE was investigated by DPV con-
taining 1.5 wM. The relative standard deviation (RSD) for the
oxidation peak currents for five determinations is 4.3%, suggest-
ing excellent repeatability of the modified electrode. The modified
electrode was also used to detect 1.5 uM BPA after keeping in refrig-
erator at 4 °C for two weeks. The currents do not show an obvious
reduction (lower than 5%), suggesting a good stability. Since the
actual samples often containing interfering substances, the influ-
ence of possible interferents were studied in 1.5 WM BPA by DPV.
The results are listed in Table 2. For 100-fold concentration of Ca%*,
Mg2*, ZnZ*, Cu?*, Fe3*, AI?*, SO42~, NO3~, changes of anodic cur-
rents are less than 4%, revealing no influence on BPA determination.
Moreover, 50-fold concentration of hydroquinone, hydroxyphenol,
pyrocatechol, 2-Nitrophenol, 4-Nitrophenol nearly have no influ-
ence on the determination of BPA with less than 7% Ip, variations.
The results demonstrate that the prepared sensor is highly selective
toward BPA.

3.10. Real sample analysis

In order to evaluate the performance of the proposed sensor
basing on ELDH/GCE, two kinds of milk samples were analyzed.
Recovery experiments were carried out by the standard spiked
method and the current values are obtained by DPV. The analytic
results are outlined in Table 3 and no BPA is found in the milk sam-

Table 3
Recoveries of BPA from spiked milk samples (n=5).
Sample Added (uM) Found (uM)? Recovery (%) RSD (%)°
Liquid 0 0 - 3.1
milk 0.5 0.56 112 4.1
1.0 1.16 116 3.5
15 1.46 97 5.1
Milk 0 0 - 3.1
pow- 0.5 0.55 110 3.7
der 1.0 0.95 95 49
15 1.53 102 4.2

2 Mean of five measurements.
b Relative standard deviation for n=>5.

ples. Additionally, the recovery range is from 95% to 116% with the
average RSD of less than 5.1%, indicating that the developed elec-
trochemical sensor can be applied for the detection of BPA in milk
samples.

4. Conclusion

In this work, the bulk LDH was successfully exfoliated into
ultrathin ELDH nanosheets in water medium. Then a sensitive
electrochemical sensor of BPA was constructed by modifying GCE
with ELDH. It was believed that ELDH nanosheets could acceler-
ate electron transfer through the following aspects. Firstly, ELDH
could provide more exposed active sites on the surface of modified
materials. Secondly, exfoliation endowed ELDH with larger elec-
trochemical effective surface area. Finally, the better dispersity of
ELDH could afford a lower mass transfer resistance. As a conse-
quence, the proposed ELDH/GCE showed excellent electrocatalytic
capability toward the oxidation of BPA. The more number of active
sites and large effective surface area had remarkably enhanced the
oxidation peak response and decreased the oxidation overpoten-
tial. The fabricated sensor displayed a low detection limit with
satisfactory reproducibility, stability and selectivity. Therefore, the
prepared sensor had been successfully applied for the determina-
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tion of milk samples. Additionally, this new sensor was prepared in
a simple procedure with low cost.
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