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A B S T R A C T

We report the effects of the incorporation of gold nanoparticles (AuNPs) into LbL films of emeraldine salt
polyaniline (PAni-ES) and sodium montmorillonite clay mineral (Na+-MMT). We observed the higher
performance of electrochemical sensors was induced by AuNPs towards trace level detection of cadmium
(Cd2+), lead (Pb2+) and copper (Cu2+) ions. The detection was performed by square wave anodic stripping
voltammetry (SWASV) using ITO electrodes modified with LbL films composed of three supramolecular
architectures: PAni-ES/AuNPs, AuNPs/Na+-MMT and PAni-ES/AuNPs/Na+-MMT, which were compared to
the LbL films without AuNPs. The results are consistent with the AFM dates indicating that the increase of
roughness favors at low limit of detection for the sensors. The incorporation of AuNPs and PAni-ES leads
to an interaction via ion-dipole, as characterized by FTIR and Raman spectra. This interaction,
consequently, causes a more extended polymer chain, which intercalate into Na+-MMT galleries,
according to X-ray diffraction data. The results demonstrate the possible control of film properties by
exploiting molecular-level interactions in multicomponent nanostructured films favoring directly in
electrochemical sensors response.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Enormous efforts have been devoted to developing new
materials where molecular control is key for enhanced sensing
performance. In spite of the variety of contributions in this
field, monitoring of the environment still poses challenges that
are worth pursuing. In many cases, sensing is made with films
containing mercury or using mercury electrodes, which are not
environmentally friendly and may be harmful to human health.
Carbon paste electrodes have been used, with little or no impact
to the environment, but then the amount of material used is
much larger than in nanostructured films. In this context, the
Layer-by-Layer (LbL) technique is very interesting for producing
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supramolecular structure due to its ability to combine different
materials in a synergistic way [1–4]. Various examples may be
given of controlled molecular architectures built with LbL films,
such as optical, electrical and magnetic properties, could be
tailored [3–7]. With the efficient control that highlighted these
properties, it is possible to obtain a wide range of applications
with these LbL films, especially for sensing and biosensing [5,8–
12]. For example, the incorporation of gold nanoparticles
(AuNRs) in sensors and biosensors have been highly attractive
due to their chemical stability, biocompatibility and high
catalytic activity for various chemical and electrochemical
process [5,13–17]. For instance, Berzina et al. [18] evaluated
the electrical properties of PAni-ES induced by AuNPs caped
with mercapthoethanesulfonic. The interactions between mate-
rials were obtained by in situ polymerization and stability via
sulfonic group that caped the AuNPs. The authors verify, by
means of nonlinear electrical measurements, that the direct
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Fig. 1. Electrolytic Cell compound of three electrode and schematic representation of the detection at trace levels of metal ions from preconcentration by square wave anodic
stripping voltammetry.
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addition of AuNPs into polymeric chain increases the conductive
power of the polymer.

Gold nanoparticles, are also used in combination with
organic materials such as graphene and carbon nanotubes,
increase the catalytic activity of the sensors [5,15]. For example,
Savafi and Farjami [19] fabricated a carbon electrode with AuNPs
thiolated for detecting Mercury traces. The authors verify the
higher performance of the sensors with the incorporation of
Fig. 2. UV–vis spectra of LbL films composed of PAH/AuNPs (A), PAni-ES/AuNPs (B), Au
growth as a function of the number of bilayers for each architecture.
AuNPs when compared to neat carbon electrode, showing the
limit of detection of 2.3 nmol L�1. Electrochemical sensors
composed of graphene supported in AuNPs were fabricates
through the LbL technique for detecting H2O2. Electrochemical
results obtained by cyclic and amperometric voltammetry
indicated the excellent performance of the electrodes with
incorporated AuNPs and that they are very promising for
detection of H2O2 [5].
NPs/Na+-MMT (C) and PAni-ES/AuNPs/Na+-MMT. The insets correspond to the film



Fig. 3. XRD patterns of 10-bilayers LbL films of PAni-ES/AuNPs, AuNPs/Na+-MMT
and 10-trilayers of PAni-ES/AuNPs/Na+-MMT deposited on silicon substrates.

Fig. 4. FTIR spectra recorded in transmittance mode of 10-bilayers LbL films of
PAni-ES/AuNPs, AuNPs/Na+-MMT and 10-trilayers of PAni-ES/AuNPs/Na+-MMT
deposited on silicon substrates.
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Rao et al. [20]. modified glass carbon electrode with AuNPs and
PAni-ES composites to increase the electrode sensitivity and to
amplify the sensor signal for detection of melanine. The
electrochemistry analysis platforms presents a low limit of
detection of 1.39 pmol L�1. Electrochemical sensor composed o
PAni electro-synthesized on the surface of screen-printed carbon
electrodes in the presence of sodium dodecyl sulfate (SDS) as
dopant. The PAni-SDS electrode modified was integrated into
PDMS microfluidic chip to detection of mercury trace level with
limit of detection of 2.4 nmol L�1 [21].

We aim here the development of composite materials where
molecular control and nanostructuring obtained by the LbL
technique to promote enhanced sensing performance. Further-
more, clays promote cationic change with metal ions while
interaction of AuNPs and PAni-ES increase electrical conductivity,
thus enhancing electron transfer and electrocatalytic effect. In
earlier work we reported on effects of AuNPs in the Langmuir-
Blodgett (LB) films of PAni-ES and OMt clay that promoted
stabilization of mixed composite Langmuir films and enhanced the
electrocatalytic effect for detecting metal ions, yielding a higher
performance with lower limit of detection [22]. Because this type
of influence of AuNPs, here we studied the nanostructuring these
materials from the LbL technique, where independently of
different ordering we observed through LB and LbL techniques it
is possible obtain the molecular interaction lows limit of detection
is achieved. Most importantly, the incorporation of AuNPs indeed
improved the performance of sensing devices in detecting trace
levels of cadmium (Cd2+), lead (Pb2+) and copper (Cu2+) ions, when
Table 1
Comparison of basal spacing values calculated for LbL films with and without
AuNPs.

LbL Films 2u (degree) Lamelar space (nm)

aPAni-ES/PVS 13.2 – – –

PAni-ES/AuNPs – – – –
aPEI/Na+-MMT 6.8 14.3 17.1 1.32
AuNPs/Na+-MMT 6.4 – – 1.37
aPAni-ES/Na+-MMT 7.3 14.5 17.4 1.21
PAni-ES/AuNPs/Na+-MMT 6.2 – – 1.41

a Values extracted from De Barros et al. [23].
compared with the sensing devices of PAni-ES and Na+-MMT
without AuNPs [23].

2. Materials and Methods

2.1. Materials

Sodium montmorillonite clay mineral (Na+-MMT) was pur-
chased from Cloisite1 Southern Clay and prepared according to
the method described by Umemura et al. [24]. The Na+-MMT
(Mw = 2892.48 g.mol�1) were dispersed in ultrapure water with pH
adjusted to 2.5 at 1.0 g L�1 and sonicated for 2 hours. PAni-ES
(MW = 362.0 g mol�1, for each repeat unit) solution were prepared
according to the methods described by Cheung et al. [25], which
involved 0.5 g of emeraldine base (EB) diluted in 25.0 mL of N-
dimethylacetamide (DMAc). The solution was stirred overnight
and further filtered. The doping process was made by adding
3.0 mL dropwise in 26.0 mL of HCl solution with pH 2.5 under
stirred during 10 minutes. Gold nanoparticles (AuNPs) were
obtained based on the method described by Gofberg and Mandler
[26], which involved 0.0394 g of HAuCl4 and 0.0164 g dissolved in
36.0 mL of water/acetic acid (final pH 3.0) and stirred for 10 min at
room temperature. The nanoparticles were reduce by adding
7.6 mg NaBH4 dissolved in 10.0 mL of deionized water; the solution
slowly turned into deep purple and was stirred for 2 hours. The
AuNPs were precipitate by adding acetonitrile (ACN), after
precipitation and decantation of ACN the sample was rinsed twice
Table 2
Assignment of the FTIR bands of the LbL films containing PEI/Na+-MMT compared
with LbL film of AuNPs/Na+-MMT.

Assignment Wavenumber (cm�1)

aPEI/Na+-MMT AuNPs/Na+-MMT

Stretching of OH group 3627 –

Stretching of Si��O group 1040 1042
Deformation of Al-O group 526 –

Deformation of Si-O group 462 –

a Values extracted from the reference De Barros et al. [23].



Table 3
Assignment of the FTIR bands for the LbL films containing PAni-ES/PVS and PAni-ES/Na+-MMT compared with LbL films PAni-ES/AuNPs and PAni-ES/AuNPs/Na+-MMT.

Assignment Wavenumber (cm�1)

aPAni-ES/PVS
aPAni-ES/Na+-MMT

PAni-ES/AuNPs
PAni-ES/AuNPs/Na+-MMT

Stretching of C��C benzenoid 1493 1497
Stretching of secondary amine 1325 1314
Stretching of radical cation C��N+ (Q = N+H-B or B-N+H-B) 1246 1042
Vibration of N¼Q¼N ip 1159 1230
Deformation C-H (ring benzenoid) op 815 822

a Corresponds to the reference in which the values were extracted are previously described.

Fig. 5. Raman spectra of 10-bilayers LbL films of PAni-ES/AuNPs (A) and 10-trilayers
LbL film of PAni-ES/AuNPs/Na+-MMT(B), deposited onto silicon substrates. The
Raman spectra were recorded with 633 laser line. Insets: optical images of 10-
bilayers of PAni-ES/AuNPs and 10-trilayers of PAni-ES/AuNPs/Na+-MMT LbL films
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with 5.0 mL of ethanol and decanted. The sample was subsequently
suspended in aqueous solution at pH 2.5; more information
regarding the characterization of these nanoparticles can be seen
in de Barros et al. [23,27] Poly(allylamine hydrochloride) (MW
� 17500 g mol�1) was purchased from Sigma-Aldrich and used as a
polyelectrolyte support for the LbL films composed of AuNPs, with
the 0.5 mg mL�1 concentration. Metal ions solutions (CdCl2.H2O,
CuCl2.H2) and PbCl2) were purchased from Vetec and samples were
prepared using a stock solution at 2000.0 mg L�1 for the copper
salt, 10.0 mg L�1 for the lead salt and 5.0 mg.L�1 for the cadmium
salt.

2.2. LbL films Fabrication

The LbL films were fabricated in four types of architectures PAH
intercalated with AuNPs (PAH/AuNPs)10bil, PAni-ES alternated with
AuNPs (PAni-ES/AuNPs)10bil, AuNPs intercalated with Na+-MMT
and supported in one layer of PAH before adsorption of AuNPs
(AuNPs/Na+-MMT)10bil and nanocomposite film composed by
multilayers alternated with PAni-ES, AuNPs and Na+-MMT (PAni-
ES/AuNPs/Na+-MMT)10tril. The different architectures were fabri-
cate by dipping the substrates for 3 minutes in the PAni-ES
solution, 5 min in AuNPs colloidal dispersion and 10 min in the
Na+-MMT dispersion. Afterwards, the substrates were immersed
for 30 seconds in washing solutions to remove the excess materials.
With the four architectures, it was possible to verify whether there
was synergy in the fabrication of nanocomposites and to conduct a
comparative study. The LbL films were deposited in different
substrates for UV–vis characterization using quartz plates, FTIR,
Raman and XRD using silicon substrates, and for the electrochem-
ical analysis, the films were deposited onto ITO (indium tin oxide)
substrates.

2.3. Characterization

The UV–vis absorption spectra from 190 to 1000 nm of each
deposited bilayer of the LbL films were obtain using a Genisys
Thermo Scientific Spectrometer, model 6. Ten bilayers of PAH/
AuNPs, PAni-ES/AuNPs and AuNPs/Na+-MMT and ten trilayers of
PAni-ES/AuNPs/Na+-MMT were characterized by Fourier Infrared
Spectroscopy (FTIR) using a Thermo Nicolet Spectrometer, model
Nexus 470. The Raman spectra of the LbL films were obtained using
a micro-Raman Renishaw spectrograph model in-Via, equipped
with an 1800 grooves/mm grating, CCD detector, laser at 633 nm
and a Leica microscope which 50� objective lens collects spectra
with ca.1.0 mm2 spatial resolution. The collecting time was 10 s and
the spectral resolution was ca. 4.0 cm�1. X-ray diffraction experi-
ments (XRD) were made using a PanAlytical diffractometer (CuKa,
l = 0.154 nm) model ‘X’ PertPro, for 10-layers LbL films deposited
onto silicon substrates. The spectra were taken with a 0.05 step
size, 3 s per step, voltage of 45 kV and current of 30 mA. The basal
distances were calculated based on the peak position using the
Bragg equation. The surface topography of the samples was studied
with an atomic force microscopy (AFM, XE-100, Park Systems)
operating in the non-contact mode and using silicon cantilever
whose nominal radius was 5.0 nm. An area of 10.0 mm � 10.0 mm
was scanned at a resolution of 512 � 512 points. Based on the AFM
images, the surface root mean squared (RMS) roughness was
quantified. The voltammetry analysis was performed using a
saturated calomel reference electrode (SCE) and a platinum
counter electrode with an area of 1.0 cm2 with the LbL films
showing the spots where the Raman spectra were recorded.



Fig. 6. Atomic force microscopy (AFM) images for 10-bilayers LbL films deposited on quartz plates: (A) and (B) AuNPs/Na+-MMT, (C) PAni-Es/AuNPs and (D) 10-trilayers of LbL
film PAni-ES/AuNPs/Na+-MMT.
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deposited on ITO substrate and covering 1.5 cm2 of the working
electrode. For these analyses, it has been used a Potentiostat/
Galvanostat, model PGSTAT 30, coupled to an electrochemical cell,
with measurements performed by square wave anodic stripping
voltammetry (SWASV). The schematic mechanism of detection
metal ions traces is depicted in Fig. 1.

3. Results and Discussion

3.1. Characterization LbL films

The UV–vis spectra in Fig. 2 show increasing absorbance with
the number of bilayers or trilayers, with a linear growth for all LbL
films (see the inset). The spectra for the PAH/AuNPs architecture in
Fig. 2(A) exhibit a plasmon resonance band at 586 nm due to
AuNPs, which is relatively weak as the AuNPs were capped by
mercapethanethiol (MES) used for stabilization. AuNPs and Na+-
MMT have negative charge [26,28–30], but it was possible to
growth the LbL films whose spectra in Fig. 2(C) display bands from
both materials. In this case, we suggest that the adsorption
between of Na+-MMt and AuNPs occurs via hydrogen interaction.
Bands are observed at 240 nm and 580 nm, which correspond to
the charge transfer transition in the Fe-OH group in Na+-MMT and
the plasmonic band of AuNPs, respectively [23,27]. The LbL films
containing PAni-ES had spectra dominated by the multiple bands
of this polymer. Fig. 2(B) shows bands assigned to PAni-ES at 291,
415 and 800 nm, which correspond, respectively, to p-p*
transition, the antiligand (p*) transition in the polaronic band,
and the polaronic band state due to HCl doping [23,31].
Interactions between PAni-ES and AuNPs can be inferred by the
overlapping band at 580 and 800 nm, by comparing with the
spectra of the individual components in Fig. S1 and S2 in the
Supplementary Material. Further interaction among components
is observed in the LbL film with a trilayer architecture in Fig. 2(D),
as PAni-ES, AuNPs and Na+-MMT are combined. The spectra
Fig. 7. Square wave anodic stripping voltammograms for simultaneous detection of Cu2+

time 180 s, amplitude 50 mV and frequency of 25 Hz. (A) PAH/AuNPs LbL films, (B) PAni-
nanocomposite film. All the films have 30-layers and were deposited on ITO plates.
contain PAni-ES bands at 410 and 780 nm, which are shifted in
relation to the same bands in PAni-ES/AuNPs LbL films (at 415 and
800 nm).

In order to understand the effects of incorporation of AuNPs
under LbL films of PAni-ES and Na+-MMT LbL films, it has been
characterized the films using three other methods, namely, X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
and Raman spectroscopy. According to the literature [23], the
patterns for LbL films of PAni-ES display a large peak at 2u = 13.2�,
typical of an amorphous polymeric structure. When AuNPs are
present, however, no such a peak appears, as indicated in Fig. 3. We
hypothesize that incorporation of AuNPs causes uncoiling of PAni-
ES chains. Incorporation of AuNPs also affected the packing of Na+-
MMT LbL films. The peaks at 2u = 6.8� and 2u = 7.3 for PEI/Na+-MMT
and PAni-ES/Na+-MMT LbL films [23] were shifted to 2u = 6.4 and
6.2� for AuNPs/Na+-MMT and PAni-ES/AuNPs/Na+-MMT, respec-
tively. The interlayer spacing calculated using Bragg equation is
1.37 nm for the AuNPs/Na+-MMT LbL film and 1.41 nm for the PAni-
ES/AuNPs/Na+-MMT LbL film. This increased interlayer spacing in
comparison with the LbL films without AuNPs (see Table 1) is
indicative of intercalation of PAni-ES on the Na+-MMT galleries.
Another indication of this intercalation is the decrease and almost
disappearance of the peak due to Na+-MMT. The molecular level
interaction of AuNPs with PAni-ES, which provides the strong
effect on the clay structure, is also confirmed by FTIR and Raman
spectra.

Fig. 4 shows the transmission FTIR spectra for LbL films with 10
bilayers of PAni-ES/AuNPs and AuNPs/Na+-MMT, and 10 trilayers of
PAni-ES/AuNPs/Na+-MMT. A comparison of the band changes and
their assignment in the presence and absence of AuNPs are
presented in Tables 2 and 3. The main changes in the spectrum of
AuNPs/Na+-MMT LbL film are associated with the absence of
typical bands for Na+-MMT, for which only one intense band at
1039 cm�1 was assigned. The main change in the spectra of PAni-
ES/AuNPs and PAni-ES/AuNPs/Na+-MMT is the shift in the peaks at
, Pb2+ and Cd2+ in HCl 0.1 mol.L�1 with deposition potential of �0.05 V, accumulation
ES/AuNPs LbL films, (C)AuNPs/Na+-MMT LbL film and (D) PAni-ES/AuNPs/Na+-MMT



Fig. 8. Analytical curves for detecting metallic ions with electrodes modified with
PAni-ES/AuNPs, AuNPs/Na+-MMT and PAni-ES/AuNPs/Na+-MMT. (A) Cd2+, (B) Pb2
+and (C) Cu2+.
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1170 and 1314 cm�1 assigned to N = Q = N and N-B-N (Q corre-
sponding to quinoid rings and B to benzenoid rings) [32–35]. The
interaction between PAni-ES and AuNPs in the LbL films of PAni-ES/
AuNPs and PAni-ES/AuNPs/Na+-MMT is inferred by the peak shift
at 1246 cm�1 to 1230 cm�1 with incorporation of AuNPs. More
specifically, this peak corresponds to the radical cation stretching
C��N+ (Q = N+H-B and B-N+H-B), suggesting dipole interaction
between PAni-ES and sulfonic groups (SO3

�) of thiol ligand from
AuNPs [28].

Consistent with FTIR results, the Raman spectra in Fig. 5(A)
and 5(B) show that AuNPs affected PAni-ES properties. Bands of
PAni-ES are shifted owing to a conformational change in the
polymer chain. We have observed such effect in a previous
work comparing the peak at 1335 cm�1 for the polaronic state
of PAni-ES/PVS and PAni-ES/Na+-MMT LbL films [23], which was
small shifted to 1337 cm�1, not affecting the conductivity PAni-
ES properties. On the other hand, a significant change was
observed in the bands at 1473 and 1476 cm�1 for PAni-ES/AuNPs
and PAni-ES/AuNPs/Na+-MMT, respectively, which appear at
1488 cm�1 for PAni-ES/PVS and PAni-ES/Na+-MMT LbL films
[23]. We suggest that this change is associated with an
extended polymer chain. The characteristic Raman bands of
Na+-MMT cannot be observed, and a decrease in the background
intensity due to the incorporation of AuNPs, when compared to
LbL film without AuNPs (results not shown). The optical images
reveal large aggregates (in the micrometer scale) in some
regions, similarly to the AFM images discussed later. Therefore,
taking advantage of Raman spectrograph coupled to optical
microscopy, we mark in Fig. 5 the spots from where the Raman
spectra were taken, i.e., from smooth regions or from
aggregates. As expected, the aggregates present a slightly
stronger signal than the smooth regions, but this irregularity
does not affect the PAni-ES properties, since there were no
significant shift in the polaronic band of PAni-ES. In this case,
the effect of AuNPs on PAni-ES properties is only direct linked
with some shifted bands of PAni-ES that promote a conforma-
tional change in polymer chain.

Consistent with optical Raman images, the AFM analysis reveal
large aggregates (in the micrometer scale) in some regions, this
irregularity caused an increase in roughness of LbL fims. Observed
from the AFM images Fig. 6(A)–(D) that the LbL films show a good
distribution along the surface, but with largest irregular regions,
consequently, increasing the roughness of LbL films. The root-
mean square (RMS) roughness was 21.7 and 70.6 nm for AuNPs/
Na+-MMT and PAni-ES/AuNPs while the roughness of the LbL
films of PAni-ES/AuNPs/Na+-MMT is 78.0 nm. The increase in
roughness for different combinations of LbL films AuNPs/Na+-
MMT, PAni-ES/AuNPs and PAni-ES/AuNPs/Na+-MMT films results
in an increased electrochemical intensity (electrochemical
analysis by square wave anodic stripping voltammetry to be
presented later on), consequently, in a low limit of detection for
analysis.

3.2. Electrochemical Sensor Characterization

The electrochemical activity of the LB films can be exploited
to detect metal ions using SWAS voltammetry shown in
Fig. 7(A) to through (D) shows the SWAS voltammograms of
PAH/AuNPs, PAni-ES/AuNPs, AuNPs/Na+-MMT, and PAni-ES/
AuNPs/Na+-MMT, respectively. All the electrodes were able to
discriminate the three metal ions, as indicated by the oxidation
peaks. It is possible to observed that the incorporation of AuNPs
in the LbL films caused a considerable increase in the current
intensity in the voltammograms compared to the literature
[23]. Furthermore, a higher resolution for separation of the
peaks has been achieved, when compared to the LbL films
without AuNPs. The LOD was calculated according to IUPAC, 3s/
S, in which s the standard deviation of the response and S is the
sensitivity. In our work, the analysis for metal ions detection
was made by ten measurements for each architecture sensors to
obtain the LOD results and verify the reproducibility for the
sensors.The current peak, from which the sensitivity and limit
of detection (LOD) of the analytical curves in Fig. 8(A)–(C) were
determined, increases with the metal ion concentration. These
values are given in Table 4, where a comparison is made with
LbL films of PAni-ES/PVS, PEI/Na+-MMT and PAni-ES/Na+-MMT
without AuNPs, and with LOD values in the literature obtained
with differential pulse voltammetry (DPV). One can infer that
the LbL film of PAni-ES/AuNPs/Na+-MMT was better than the
other architectures, judging by the data shown in Table 4. In all
the cases, the peaks for the different electrodes in Fig. 7(B)–(D)



Table 4
Adsorbed amounts on modified surfaces of LbL films PAH/AuNPs, AuNPs/Na+-MMT, PAni-ES/AuNPs and PAni-ES/AuNPs/Na+-MMT compared to LbL films without AuNPs [23].
For the sake of comparison, also include were the LOD values for metal ion detection from different method DPV. This table corresponds to the electrochemical data, that was
cited by Table 5, now corrected in the text.

Analyte
(metallic ions)

Electrode modified Sensitivity
(mA cm�2mg L�1)

LOD
(mg L�1)

Electrode modified
(without AuNPs)

LOD
(mg L�1)

Comparison of LOD with the literature (mg L�1)

Cd2+ PAH/AuNPs 18.4 � 2.6 0.42 1.5 [41]
Pb2+ 95.5 � 1.7 0.06 – – 0.05 [41]
Cu2+ 8.0 � 2 0.99 –

Cd2+ AuNPs/Na+-MMT 420 � 2 0.02 310 0.10 [42]
Pb2+ 477 � 2 0.01 PEI/Na+-MMT 1350 0.45 [42]
Cu2+ 6.1 � 0.2 0.11 2090 0.20 [42]
Cd2+ PAni-ES/AuNPs 251 � 1 0.02 170 0.012 [40]
Pb2+ 120 � 68 0.17 PAni-ES/PVS 910 0.029 [40]
Cu2+ 57,02 � 0.76 0.04 750 –

Cd2+ PAni-ES/AuNPs/Na+-MMT 521 � 1 0.01 0.27 0.01 [43]
Pb2+ 125 � 1 0.009 PAni-ES/Na+-MMT 0.28 0.02 [43]
Cu2+ 23.7 � 0.2 0.02 0.09 0.02 [43]
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appear approximately at E = �0.6 V, E = �0.4 V and E = �0.1 V for
Cd2+, Pb2+ and Cu2+, respectively. When compared the values of
peak potentials, there is a considerable shift from what is
expected from the literature. For the LbL films without AuNPs,
which should be approximately E = �0.7 V, E = �0.1 V and
E = +0.3 V for the same species [22,23,36–40]. In addition,
observed in Fig. 7(B) and (D) one peak in approximately
E = 0.4 V that corresponds to emeraldine salt conducting form.
Observed that the peak characteristic of PAni-ES decrease with
the increase of metal ions concentration, we suggest that this
effect occurs due to oxidation of AuNPs immobilized on
electrode surface. In summary, was possible to detection of
the three metal ions simultaneously and a clearer distinction
was achieved for separation peaks without the overlap with the
PAni-ES peaks, due to the presence of AuNPs. Compared to
differents architectures for the sensors depicted in this work,
we conclude that the electrode coated with PAni-ES/AuNPs/Na+-
MMT is the most efficient in detecting the three metal ions,
because the separation is more efficient and the LOD is lower
than for the LbL films made of PAni-ES and Na+-MMT without of
AuNPs. This superior performance of LbL films composed of
PAni-ES/AuNPs/Na+-MMT points to synergy between the mate-
rials for this sensor and high electrocatalytic activity promoted
by AuNPs.

3.3. Conclusions

The presence of AuNPs in the LbL films of PAni-ES and Na+-
MMT promoted higher stability in comparison to LbL films
without AuNPs. We also suggest PAni-ES and AuNPs caused the
extension of the polymer chain favoring the ion intercalation into
the clay interlayer spaces as supported by X-ray diffraction data
that revealed an increased basal spacing of clay layers. FTIR and
Raman spectra confirmed the effect of AuNPs on PAni-ES
properties, with a significant shift of its polaronic band.
Evidenced by the AFM results, the increase of the root-mean
squared roughness with the incorporation of AuNPs in LbL films,
containing of PAni-ES and Na+-MMT, enhanced the electro-
catalytic effect for detecting Cu2+, Pb2+ and Cd2+ metal ions
simultaneously, yielding a higher performance for the sensors
with a lower detection limit, from mg L�1 to mg L�1.
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