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Abstract: The present work describes the synthesis of an electroactive nanocomposite consisting of
carbon black (CB) and polyaniline (PANI) obtained by in situ oxidative polymerization. Monomer
P1 was used as a polyaniline precursor. P1 has surfactant properties that allow obtaining core–shell
structures dispersed in an aqueous medium. The nanocomposite, together with silver nanoparticles
(AgNPs) as an electrocatalytic element, was used to modify the surface of a glassy carbon electrode
(GCE) for glucose detection. Electroactive areas were calculated using the Randles–Sevick equation.
The results showed that the CB-PANI.1-1/AgNP nanocomposite exhibited a larger electroactive
surface area (0.3451 cm2) compared to AgNP alone (0.0973 cm2) or the CB-PANI.1-1 composite
(0.2989 cm2). Characterization of CB-PANI.1-1/AgNP, by cyclic voltammetry in the presence of
glucose, showed a new oxidation peak with a maximum current close to 0.7 V due to the oxidation of
glucose to gluconolactone. The amperometry test at 0.7 V showed a linear response with R2 of 0.999
as a function of the analyte concentration. The glucose sensor presented a linear detection range of 1
to 10 mM, a sensitivity of 41 µA mM−1 cm−2, and a limit of detection (LOD) of 520 µM.

Keywords: carbon black; polyaniline; electrochemical glucose sensor; silver nanoparticles

1. Introduction

Carbon materials have played a significant role in various fields of materials science
for many years. With the advent of nanotechnology, certain forms of carbon materials,
such as carbon nanotubes, graphene, fullerenes, and nanodiamonds, have become increas-
ingly important in energy storage, energy production, sensors and biosensors, and other
applications [1–3].

However, another more traditional form of carbon, carbon black, has been around
for decades, allowing innovative contributions in different specialties. Even so, with the
advent of the aforementioned forms of carbon, it seems to lag behind current developments.
Carbon black (CB) is a nanomaterial with a spherical nanostructure, high surface area,
and excellent electrical conductivity. However, perhaps its most relevant property is its
comparatively low cost regarding carbon nanotubes or graphene [4–6].

Although CB has been used for several decades in electrochemical sensing [7], with the
emergence of carbon nanotubes or graphene it has been left out of this crucial application.
Fortunately, recent studies have recovered this relevant material, and electrochemical
sensors based on CB have been reported [8–10]. Several of these studies have shown that
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CB is as efficient in electrochemical electrode modification as other more sophisticated
nanometer forms of carbon [5,11]. It is worth noting that CB has been used for the design
of pastes for the elaboration of working electrodes for electrochemical measurements [12];
however, in this application, CB is not part of the detection element.

Combinations of CB with conductive polymers are some of the most exciting applica-
tions since their properties allow for obtaining composites with interesting electrical and
electroactive properties. CB/polyaniline (PANI) systems have allowed developments in
various applications. For instance, PANI/CB nanocomposites were obtained via electro-
chemical polymerization in the presence of CB suspensions. The core–shell morphology,
determined via electron microscopy, showed that the PANI constitutes the core and CB the
shell. Measurements of electrical conduction indicated a CB content dependence [13].

Regarding the use of CB/PANI composite in the design of sensors, the literature
indicates that this type of system has been little studied. A PANI/CB composite was
used as a chemo-resistive detector for biogenic amine vapors. The detector consists of
PANI (doped with dodecylbenzene sulfonic acid (DBSA)) and 20 wt% CB, demonstrating
a higher affinity for butylamine than other non-aminated compounds [14]. Likewise, a
PANI/CB system (where CB is the doping agent) was used for ammonium detection.
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) was the doping agent for
PANI. The study focused on the comparison of both doping agents. Electrical resistance
measurements indicated that with increasing dopant loading, the resistance decreased. Elec-
trical resistance tests showed better performance when the doping agent was F4TCNQ. The
authors attributed this result to an inhomogeneous dispersion of CB in the PANI [15]. As
for electrochemical sensing, a PANI/CB system was applied for the oxidation of methanol,
where a platinum catalyst was responsible for the electrocatalysis [16].

Assessment of glucose levels in both people and foods is an essential tool for the
management of human health and the production of safe and nutritious foods. In the
case of humans, it contributes to the control of diseases such as diabetes and, in general,
the control of metabolic health. In this sense, the development of electrochemical glucose
sensors that exhibit real-time monitoring, are non-intrusive, easy to use, and low-cost is a
current topic of intense research activity. In this sense, several innovative configurations and
materials have been incorporated for glucose detection including, metal nanoparticles [17],
carbon-based nanomaterials [18], metallic oxide [19], and conductive polymers (CP) [20].
Specifically, the use of silver nanoparticles (AgNP) has demonstrated that by the use of an
anodic sweep, the formation of oxidative species is promoted, which in turn can provide an
efficient and fast electrocatalytic response toward the reaction between glucose and noble
metal oxides formed in positive potentials.

The literature showed that even though PANI/CB composites have been widely used
for decades, functions in chemical and electrochemical sensing have been discrete. The
lack of information about this relevant application opens up important potential for the
development of sensing systems based on this composite. Consequently, in this work, we
reported the modification of a glassy carbon electrode (GCE) with an Ag/CB/PANI core–
shell composite for the non-enzymatic detection of glucose in a basic medium. To maximize
the dispersion and interaction between PANI and CB, P1 (anilinium dodecyl sulfate) was
used as the PANI monomer. It is worth noting that P1, due to its surface-active properties
(critical micellar concentration of 2.99 mmol dm−3), allows for the stabilization of styrene
emulsion polymerizations [21,22]. In this research, P1 allowed CB efficient dispersion in the
aqueous phase to be later polymerized on the surface of the CB nanoparticles via oxidative
polymerization. The core–shell composite was complemented with silver nanoparticles as
the electrocatalyst of glucose.

2. Materials and Methods
2.1. Materials and Reagents

Carbon black (Vulkan XC 72R, Cabot, Billerica, MA, USA) was used as received. Ani-
line, sodium dodecyl sulfate, ammonium peroxydisulfate (APS), potassium ferrocyanide
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(K4[Fe(CN)6]), potassium ferricyanide (K3[Fe(CN)6]), and glucose were purchased from
Aldrich Co. (Wyoming, IL, USA) Sulfuric acid was delivered by J.T. Backer (Xalostock,
Mexico State, Mexico)

2.2. Characterization and Methods
2.2.1. Characterization Techniques

The morphology of the core–shell composites was analyzed using a transmission
electron microscope (TEM 7700, Hitachi, Chiyoda, Tokyo, Japan); the analyses were carried
out at 100 KV. The structure of PANI-P1 and CB-PANI.1-1/AgNP composite were observed
with a field emission electron microscope (JSM-7401F, Jeol, Akishima, Tokyo, Japan) with
an ultra-high vacuum and 1 nm resolution. Silver nanoparticles were observed using
a high-resolution transmission electron microscope (JEM 2200FS, Jeol, Akishima, Tokyo,
Japan) equipped with a spherical aberration corrector in the condenser lens and operated
at 200 kV. Functional group characterization was performed using a Fourier-transform
spectrophotometer (GX-FTIR, Perkin Elmer, Waltham, MA, USA). The spectra were ob-
tained using the attenuated total reflectance (ATR) technique. Each spectrum corresponds
to an average of 30 scans, with a resolution of 40 cm−1 in the range of 400 to 4000 cm−1. A
three-electrode cell was employed to carry out the electrochemical characterization. The
arrangement of electrodes included a GCE (ø = 3 mm), a platinum sheet (1 cm2), and
an Ag/AgCl that were used as the working electrode, counter electrode, and reference
electrode, respectively. Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and linear sweep voltammetry (LSV) techniques were performed using a potentiostat
(EmStat3 + blue, PalmSens, Houten, The Netherlands).

2.2.2. Core–Shell Composite Synthesis

Our group [21] previously reported the synthesis of P1 monomer. Briefly, the salt of
anilinium hydrochloride was obtained by reacting aniline with hydrochloric acid in a 1:1
molar ratio using enough amount of water to dissolve the salt. Subsequently, an aqueous
solution of sodium dodecyl sulfate (SDS) corresponding to a 1:1 molar ratio concerning
aniline was mixed with the salt of anilinium hydrochloride. The exchange of ions produced
the precipitation of the sulfate salt of anilinium due to a much lower solubility of this salt
in water at room temperature. Salt purification was performed by saturating an aqueous
solution at 50 ◦C. Finally, the solution was allowed to cool in laboratory conditions and then
refrigerated at 4 ◦C for 12 h, and the solid precipitated was recovered by filtration and dried
under vacuum at 60 ◦C. P1 has active surface properties, as it is analogous to SDS; the CMC
is also reported in the mentioned reference. Due to this characteristic, we used it to disperse
carbon black (CB) in the aqueous phase. Once the carbon black was dispersed, potassium
persulfate (oxidizing agent) was added to polymerize P1 via an oxidative polymerization
and obtain the PANI-P1.

Core–shell composites were prepared as follows. P1 was loaded in a glass vessel (the
reactor) with 20 g of tridistilled water. Next, the reactor was placed in an oil bath warmed to
40 ◦C to let the P1 dissolve in the water. The solution was kept warm for 1 h with vigorous
magnetic stirring. Subsequently, an amount of CB was added to prepare composites in
weight ratios, as reported in Table 1. Due to the structure proposed for the composites, the
designation CB-PANI (core–shell) was used, followed by 1-1, 1-2, and 1-4 to indicate the
weight ratios of CB to P1. The CB was dispersed in the aqueous solution with magnetic
stirring for 1 h and then the dispersion was sonicated for 15 more min in an ultrasonic bath.
The reactor was then placed back in the 40 ◦C oil bath. Meanwhile, a solution of APS of
0.1586 g (0.6958 mmol) in 5 g of tridistilled water was prepared in a separate vessel. Once
the temperature was reached, the APS solution was added to the CB dispersion to initiate
the oxidative polymerization of P1 under continuous magnetic stirring. The weight ratio of
APS to P1 was 1.25 to 1 and the polymerization was left for 4 h.
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Table 1. Formulations of the synthesized core–shell composites.

Composite CB
g (mmol)

P1
g (mmol)

APS
g (mmol)

CB-PANI.1-1 0.2 (0.5563) 0.2 (0.5563) 0.1586 (0.6958)

CB-PANI.1-2 0.1 (0.5563) 0.2 (0.5563) 0.1586 (0.6958)

CB-PANI.1-4 0.05 (0.5563) 0.2 (0.5563) 0.1586 (0.6958)

2.2.3. Synthesis of Silver Nanoparticles

The synthesis of silver nanoparticles (AgNPs) was carried out following the method
previously reported [23]. Briefly, the synthesis was performed from a chemical reduction, in
which silver nitrate was used as the metal precursor, gallic acid as the reducing agent, and
sodium hydroxide as the stabilizing agent. A 10 mM silver nitrate solution was prepared
under magnetic stirring, to which the reducing agent was added (100 mg of gallic acid on
10 mL of deionized water) and, subsequently, sodium hydroxide (1 M) was added dropwise
to adjust the solution to pH 11.

2.2.4. Electrode Modification and Electrochemical Analysis

Firstly, the GCE was polished with an alumina suspension (0.05 µm) and rinsed
thoroughly with deionized water followed by sonication in isopropanol and deionized
water. Then, 10 µL of dispersion (CB-PANI.1-1, CB-PANI.1-2, and CB-PANI.1-4) with
a concentration of 5 mg/mL was drop-cast on the GCE surface and left to dry. Cyclic
voltammetry (CV) was achieved on the bare GCE, composites (CB-PANI.1-1, CB-PANI.1-2,
or CB-PANI.1-4), and the detection system of PANI-CB.1-1/AgNP. To prepare the detection
system, two suspensions were prepared. One suspension of 5 mg mL−1 of CB-PANI.1-1 and
another of 10 mM of AgNP in tridistilled water. Then, 1 mL of each suspension was mixed
into a vial. Subsequently, 10 µL of the mixture was drop-cast on the GCE. CV was evaluated
at a potential window from −0.4 to 1.0 V and a scan rate of 100 mV s−1 during 3 cycles of
oxidation–reduction. For glucose detection, only the CB-PANI.1-1/AgNP electrode was
employed. For this purpose, the amperometry test was carried out applying a potential
of 0.7 V. Additionally, linear sweep voltammetry was employed to evaluate this electrode
response to a linear sweep of potential at a constant scan rate of 100 mV s−1.

The quantitative evaluation of glucose was achieved by employing a solution of
sodium hydroxide (NaOH) 0.1 M as a supporting electrolyte. Linear sweep voltammetry
was evaluated with glucose concentrations from 0 to 10 mM, using a potential window
of 0.4 to 1.0 V at a scan rate of 100 mV s−1. The amperometric response of CB-PANI.1-
1/AgNP in the presence of glucose was determined by applying a constant potential of
0.7 V. At the beginning of the measurement, the current was allowed to stabilize the blank
(electrolyte without glucose) for 2 min. Then, the necessary volume of the standard solution
(200 mM) was added to increase the concentration by 1 mM. This procedure was repeated
successively until the desired final concentration was reached. The measurement was
performed with a magnetic stirring of 600 rpm. A calibration curve was prepared based
on three amperometric measurements; the same GCE was used, which was modified with
CB-PANI.1-1/AgNP before each assay. To carry out the assays, solutions with glucose
concentrations of 0 to 10 mM were analyzed.

3. Results
3.1. Morphology

As mentioned before, the main reason for the use of P1 as a polyaniline monomer is
its surface-active property, which allows for obtaining aqueous dispersions of polyaniline
with high stability, since P1 is a molecule analogous to sodium dodecyl sulfate, a widely
used surfactant. When dispersing CB in the aqueous solutions of P1, with the assistance of
ultrasound, the CB disperses quickly and homogeneously. The adsorption of P1 on the CB
surface allows the disintegration of the nanomaterial agglomerations, favoring dispersion
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presumably at the colloidal level. Subsequent oxidative polymerization of P1 allowed the
polyaniline to remain on the surface of the CB nanoparticles. It is worth noting that the
study of the dispersion stability of the colloidal systems was outside the scope of this study.

The composites’ morphology, CB, and polyaniline synthesized from P1 (PANI-P1)
were closely examined. Figure 1 displays the composites at low and high magnifications
on the left and right sides, respectively. The images show light and dark areas, with clear
areas representing CB surfaces that have not been completely covered with polyaniline
and darker areas representing surfaces covered. The high-magnification images show that
with an increase in the P1 content in the initial polymerizations, greater areas of the CB are
covered by PANI-P1, as interpreted from Figure 1a,c,e. With higher magnifications, as seen
in Figure 1b,d,f, it was observed in detail that the dark area increased with the increase
in the P1 charge. Additionally, these images show some of the details of the typical CB
structure in the exposed areas [6]. From this study, it was deduced that the higher the P1
content, the greater the areas of CB covered with polyaniline, which suggests the core–shell
structure. Therefore, henceforth, the composites are referred to as CB-PANI.1-4, CB-PANI.1-
2, and CB-PANI.1-1. Figure 1g illustrates the high-resolution image of CB, where particles
smaller than 50 nm are present. Figure 1h shows the structure of the PANI-P1, which is
mainly fibrous, although not very clear.
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3.2. Functional Groups

Figure 2 shows the FTIR spectra of the core–shell composites and PANI-P1 as a
reference. For simplicity, the spectrum of PANI-P1 is first described. In summary, the
spectrum shows the typical absorptions of polyanilines, the most representative being those
located between 1200 and 1600 cm−1 [24,25]. Specifically, the absorptions at 1412 cm−1

and 1549 cm−1 are, respectively, ascribed to benzenoid (N-B-N) and quinoid (N=Q=N)
ring-stretching vibrations. In addition, the peaks at 1120 cm−1 and 1283 cm−1 are associated
with the stretching modes of C–N bands and π-electron delocalization due to protonation,
respectively. The most relevant feature of this set of spectra is that the composites show the
same signal profile as polyaniline and that the intensity of the signals increases progressively
with the P1 content in the polymerization. This indicates that the amount of PANI-P1
increases from CB-PANI.1-1 to CB-PANI.1-4, confirming the trend observed in the electron
microscopy images.
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It is worth saying that although CB has a well-known infrared spectrum with charac-
teristic functional groups [26], in the present FTIR study none of these signals appeared.
This suggests that in the three composites, the amounts of PANI deposited on the CB are
such that they completely mask the CB signals. For composites with larger amounts of CB,
it has been shown that the CB absorption bands are evident [27].

3.3. Electrochemical Characterization of Core–Shell Composites

Electrochemical characterization of the core–shell composites was achieved via cyclic
voltammetry. Figure 3a shows the voltammograms of the three composites, with PANI-P1
and CB as the references. These measurements were performed using an electrolyte of
SDS in pH 2.5 sulfuric acid solution to preserve the dodecyl sulfate counterion, which is
the counterion of P1. Firstly, as noted, CB did not present any electrochemical response,
i.e., it was not electroactive, as observed previously [28]. Next, the voltammogram of
PANI-P1 showed, in the anodic zone, at 0.3 V and 0.85 V, the middle-peak oxidation signals
of the transitions from leucoemeraldine to emeraldine and emeraldine to pernigraniline,
respectively. However, in the cathodic zone, at 0.15 V and 0.7 V, the middle-peak reduc-
tion signals from pernigraniline to emeraldine and from emeraldine to leucoemeraldine
appeared, respectively. As for the core–shell composites, they presented the pattern of
PANI-P1 in the three cases but exhibited a higher non-Faradaic or capacitive current as the
CB content increased. The CB content at the electrode surface was estimated as 0.00008,
0.00004, and 0.00002 g for CB-PANI.1-1, CB-PANI.1-2, and CB-PANI.1-4, respectively. As
noted, CB-PANI.1-1, the composite with the highest content of CB exhibited the highest
electroactivity since larger Faradaic current intensity peaks in the voltammograms are
observed, also attributed to the greater amount of CB. The non-Faradaic current is associ-
ated with a capacitive process, such as the charging and discharging of capacitors at the
electrode–electrolyte interface due to charge accumulation at the electrical interface of the
electrode, while the Faradaic current is specific to redox chemical reactions that involve
electron transference [29].
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In contrast, its analogs presented behaviors very similar to that of PANI-P1. Figure 3b
shows the analysis of the composites, PANI-P1, CB, and GCE in the ferricyanide/ferrocyanide
(K4[Fe(CN)6], K3[Fe(CN)6]) redox probe, which is widely used for the characterization of
modified electrodes. As observed, the voltammogram of PANI-P1 is very similar to that
of the GCE. This indicates that polyaniline does not exert an electrocatalytic effect very
different from the bare electrode. In the case of core–shell composites, there are important
improvements in electrocatalysis regarding PANI-P1 and GCE; therefore, CB produces
an improvement in the systems, and CB-PANI.1-1, again, produces the best result. The
literature indicates that the increment in surface area due to the increase in the content
of CB improves the behavior of the modified electrode [30]. Like surface area, dispersion
also produces improvements in the performance of PANI/CB systems. A research focused
on electromagnetic interference shielding (EMI) using PANI/Poloxalene/CB composites
showed that at higher CB contents the dispersion of the nanomaterial becomes more
uniform. This allows the formation of an interconnected network, which favors electrical
conduction and EMI [31]. Similarly, PANI/dodecylbenzene sulfonic acid-modified CB
(CBDBSA) composites showed that the core–shell morphology allows greater dispersion
of the composite in a thermoplastic matrix, decreasing the percolation threshold [27].
Another core–shell PANI/CB system used as a microwave absorber revealed that the CB
increases the electrical conductivity of the polyaniline, whose effect was dependent on
the CB content. In these works, the presence of a surface activity component (Poloxalene,
DBSA, and QF-DT-7100S) allowed greater dispersion of the CB into smaller conglomerates,
which in turn produced better electrical conductivities than in the absence of the agent.
In the present study, the P1 itself, because of its amphiphilic structure, allowed efficient
dispersion of CB during oxidative polymerization, which produced systems with high
CB–polyaniline interfacial interaction; consequently, the addition of an extra agent is not
required. Finally, CB presented a slightly lower electrocatalytic behavior than that exhibited
by CB-PANI.1-1; consequently, as commented, CB alone is an efficient electrocatalyst for
the ferricyanide/ferrocyanide system.

From the two electrochemical analyses, the decision was made to continue the research
focusing only on CB-PANI.1-1 for the detection of glucose since this composite presented
the best electrochemical and electrocatalytic behavior. These improvements were related to
a high surface area produced by the CB; however, these also indicate that at weight ratios
greater than 1 to 1, the composites present behaviors that are increasingly similar to pure
polyaniline, which seems not to favor electrocatalytic activity in our composites. This effect
may be related to the neutral pH at which the ferricyanide/ferrocyanide redox system is
evaluated, where the PANI-P1 must be in a slightly or completely de-doped state. Therefore,
at higher contents of dedoped PANI, the core may be acting as an obstacle to the electronic
transfer to the electrode. In the case of the CB-PANI.1-1 composite, with the lowest content
of PANI, it is possible that the polyaniline coating is mainly exerting a dispersion effect on
the carbon black aggregates and, thus, the electronic transfer is improved. These results
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also make us think about the use of composites with higher CB contents, which, according
to the results, could present better electrocatalytic behavior; however, this remains pending
for further analysis.

3.4. Characterization of the Electrocatalytic System and Modified Electrode
3.4.1. Morfología de AgNP y CB-PANI.1-1/AgNP

AgNP and CB-PANI.1-1/AgNP were analyzed by electron microscopy. In the high-
resolution image, the AgNPs are observed, Figure 4a. As seen, the nanoparticles are
spherical with a particle size of the order of 10 nm. Figure 4b portrays the image of the CB-
PANI.1-1/AgNP, where the spherical morphology related to the CB particles is maintained
(Figure 1a,b). In the inset, a magnified image is illustrated, in which the silver nanoparticles
are observed on the core–shell surface as small black particles.

Chemosensors 2024, 12, x FOR PEER REVIEW 8 of 16 
 

 

  
Figure 3. (a) CV in 0.1 M SDS at pH of 2.5 and 100 mV s−1, (b) CV in water solution of 5.0 mM 
[Fe(CN)6]−3/−4 redox probe with a pH of 7.4 at 100 mV s−1 of scan rate. 

3.4. Characterization of the Electrocatalytic System and Modified Electrode 
3.4.1. Morfología de AgNP y CB-PANI.1-1/AgNP 

AgNP and CB-PANI.1-1/AgNP were analyzed by electron microscopy. In the high-
resolution image, the AgNPs are observed, Figure 4a. As seen, the nanoparticles are 
spherical with a particle size of the order of 10 nm. Figure 4b portrays the image of the 
CB-PANI.1-1/AgNP, where the spherical morphology related to the CB particles is 
maintained (Figure 1a,b). In the inset, a magnified image is illustrated, in which the silver 
nanoparticles are observed on the core–shell surface as small black particles. 

 
Figure 4. (a) High-resolution microscopy of the silver nanoparticles alone and (b) FESEM images of 
the CB-PANI.1-1/AgNP composite. 

3.4.2. Analysis of Functional Groups of Silver Nanoparticles and CB-PANI.1-1/AgNP 
Composite 

Figure 5a illustrates the infrared spectrum of the silver nanoparticles alone. Three 
main signals are observed in the spectrum, at 1638, 2112, and 3318 cm−1. These signals are 
representative of the various interactions of the nanoparticles with the functional groups 
of the oxidized gallic acid. Consequently, the absorptions correspond to vibrations of OH 
of phenol (2112 and 3318 cm−1) and carboxylic acid (1638 cm−1) [32]. The interactions of 
AgNP with gallic acid can be complex; however, studies of such interactions have been 
carried out for metallic nanoparticles and gallic acid [33]. 

Figure 5b shows that the absorptions observed in PANI-P1 and the three core–shell 
(1120, 1283, 1412, and 1549 cm−1) (Figure 2) suffered small shifts with the interaction with 
the silver nanoparticles. Three prominent signals at 1119, 1374, and 1600 cm−1 were 
observed in the spectrum of CB-PANI.1-1/AgNP. It appears that the absorptions at 1283 
and 1412 cm−1 of PANI-P1 overlapped to produce the signal at 1374 cm−1 in CB-PANI.1-
1/AgNP. The FTIR spectrum of CB-PANI.1-1/AgNP shares similarities with spectra 

Figure 4. (a) High-resolution microscopy of the silver nanoparticles alone and (b) FESEM images of
the CB-PANI.1-1/AgNP composite.

3.4.2. Analysis of Functional Groups of Silver Nanoparticles and
CB-PANI.1-1/AgNP Composite

Figure 5a illustrates the infrared spectrum of the silver nanoparticles alone. Three
main signals are observed in the spectrum, at 1638, 2112, and 3318 cm−1. These signals are
representative of the various interactions of the nanoparticles with the functional groups
of the oxidized gallic acid. Consequently, the absorptions correspond to vibrations of OH
of phenol (2112 and 3318 cm−1) and carboxylic acid (1638 cm−1) [32]. The interactions of
AgNP with gallic acid can be complex; however, studies of such interactions have been
carried out for metallic nanoparticles and gallic acid [33].
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Figure 5b shows that the absorptions observed in PANI-P1 and the three core–shell
(1120, 1283, 1412, and 1549 cm−1) (Figure 2) suffered small shifts with the interaction
with the silver nanoparticles. Three prominent signals at 1119, 1374, and 1600 cm−1

were observed in the spectrum of CB-PANI.1-1/AgNP. It appears that the absorptions
at 1283 and 1412 cm−1 of PANI-P1 overlapped to produce the signal at 1374 cm−1 in
CB-PANI.1-1/AgNP. The FTIR spectrum of CB-PANI.1-1/AgNP shares similarities with
spectra reported for the characterization of silver nanoparticles synthesized in the presence
of various organic components. For example, for Saccharum officinarum extract, the spectrum
of the silver nanoparticles presented signals at 1630 cm−1 corresponding to the stretching
of the C=O group of aldehydes and ketones, 1388 cm−1 attributed to bending of N=O of the
nitro group, and 1115 cm−1 related to stretching of C-O of the ester group [34]. On the other
hand, in the presence of marine macroalgae Padina sp., the spectrum showed absorptions
at 1610 cm−1 representative of N-H bend of primary amines, 1384 cm−1 corresponding
to stretching of N=O of nitro groups and plane bend of C-H of alkenes, and 1023 cm−1

attributed to C-N stretching of aliphatic amines [35]. In both studies, the three signals are
related to the interaction of AgNP with carbonyl groups and with nitrogen-containing
groups such as nitro and amino. In our case, it can be interpreted that the three signals
correspond to equivalent interactions of AgNP with the amino groups (1600 and 1119 cm−1)
and aromatic rings (1374 cm−1) of the polyaniline. It is worth noting that other authors
also observed the shifting of signals, Figure 5b, resulting from the interaction of polyaniline
with silver nanoparticles [36]. Therefore, it is not surprising that the FTIR spectrum of
CB-PANI.1-1/AgNP shares important similarities with the spectra of the cited works.

3.4.3. Analysis of the Electroactive Area of the Modified Electrode

The electroactive areas of AgNP, CB-PANI.1-1, and CB-PANI.1-1/AgNP were deter-
mined via cyclic voltammetry measurements. The performance of the electrode was carried
out using the system K3[Fe (CN)6]/K4[Fe (CN)6], varying scan rate from 10 to 100 mV s−1.
Figure 6a,b show the voltammograms for CB-PANI.1-1 and the plots for anodic and ca-
thodic currents, respectively. The result was subsequently used to calculate the electroactive
surface area of the modified electrodes using the Randles–Sevick equation (Equation (1)):

Ipa = 2.69 × 105 n3/2 AC
√

Dv (1)

where A is the electroactive area (cm2), n is the number of electrons involved in the redox re-
action (n = 1), v is the scan rate (Vs−1), D is the diffusion coefficient (6.7 × 10−6 cm2 s−1) [37],
and C the molar concentration (mol cm−3) of the ferricyanide/ferrocyanide redox probe.
From Equation (1), A can be calculated from the slope of the Ipa vs. (scan rate)1/2 plot. The
calculated electroactive surface area of AgNP, CB-PANI.1-1, and CB-PANI.1-1/AgNP was
0.0973 cm2, 0.2989 cm2, and 0.3451 cm2. This result evidenced that CB-PANI.1-1/AgNP
has the most prominent electroactive area, which implicates a higher number of active sites
for glucose interaction. The improved electrochemical response of CB-PANI.1-1/AgNP
could be attributed to the creation of a network formed by interconnected particles of CB,
PANI, and AgNP, with a rough and porous surface that facilitates the absorption of the
analyte [24,38]. The nanostructures led to a synergistic effect with enhanced conductivity,
electroactivity, and enlarged electroactive surface area with multiple active sites, making it
optimal for transduction in the electrochemical sensing of glucose.
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3.5. Glucose Detection Assay

The development of easy-to-use devices that may help in the diagnosis and control
of the aforementioned conditions is a topic of great scientific interest. Accordingly, the
synthesized nanocomposite was employed to create an electrode of a modified surface that
may sense and detect the glucose concentration present in an evaluated sample. Hence,
AgNP was incorporated into the electrode modified by the composite CB-PANI.1-1 to
provide it with electroactive properties toward glucose [39]. To evaluate the electrocatalytic
activity of CB-PANI.1-1/AgNP, the electrochemical characterization was evaluated via
CV. Figure 7 shows the voltammograms of the GCE modified by CB-PANI.1-1/AgNP
and pure AgNP in the absence and presence of 5 and 7 mM glucose, using 0.1 M NaOH
as the electrolyte. Figure 7a shows that before the addition of the analyte, during the
oxidation cycle, three distinctive signals at 0.2548, 0.4113, and 0.7593 V corresponding to the
formation of a monolayer of Ag2O, a multilayer of Ag2O, and oxidation of Ag2O to AgO,
respectively, were identified. During the reverse scan, the transition of the silver-oxidized
species towards the formation of Ag in the metallic state is observed at 0.2961 V (AgO
to Ag2O) and −0.2672 V (Ag2O to Ag) [40,41]. It has been reported that the formation of
the silver-oxidized species greatly favors glucose oxidation [42]. Once the glucose was
incorporated into the electrolyte, the catalytic activity of AgNPs was evident, since in
the presence of 5 and 7 mM glucose, the oxidation of glucose appears at 0.6798 V in the
anodic potential sweep. This signal is related to the increase in the formation of Ag2O
due to the reduction of AgO caused by glucose. Consequently, this peak is correlated to
glucose content [41,43]. The higher current recorded for the 7 mM peak versus the 5 mM
peak is a manifestation of the sensitivity of the modified electrode towards the presence
and content of glucose. The oxidation reaction mechanism of glucose in the presence of
AgNPs has been reported by several authors [40,44]. Briefly, glucose is absorbed to the
surface of AgNP, which contains a high concentration of silver oxide species. Subsequently,
base-mediated extraction of hydrogen from the anomeric carbon of the glucose takes place,
giving rise to the peak of high intensity close to 0.7 V [38,45,46]. The alcohol proton of the
formed intermediated species then interacts with silver oxide, generating gluconolactone.
According to the literature, the complete oxidation of glucose occurs in anodic scanning
with the formation of gluconate [47]. Figure 7b demonstrates glucose oxidation by pure
AgNP. In the voltammogram, the three analogous signals to those observed when the
nanoparticles are part of CB-PANI.1-1/AgNP appear. However, for CB-PANI.1-1/AgNP,
the signals are more amplified, which is attributed to the greater electroactive area produced
by the core–shell (CB-PANI) composite. With the addition of 5 and 7 mM glucose, the
signal close to 0.68 V appears, which was also described for CB-PANI.1-1/AgNP. For the
pure AgNP, the glucose oxidation peak current did not vary with glucose content as in the
case of CB-PANI.1-1/AgNP. This was attributed to a higher electrode saturation rate and to
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the poor adhesion of AgNP on the GCE surface, which causes the nanoparticles to detach
from the electrode surface as the test progresses.
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Figure 7. Cyclic voltammograms of (a) CB-PANI.1-1/AgNP, (b) bare AgNP on the GCE, (c) linear
sweep voltammetry with glucose concentration varying from 0 to 10 mM using 0.1 M NaOH elec-
trolyte, and (d) calibration curve obtained from LSV from 0 to 10 mM of glucose concentration. (Black
arrows represent oxidation reactions of AgNPs and glucose).

It is worth saying that although the sensing mechanism is the responsibility of AgNP,
each component of the detection system (CB-PANI.1-1/AgNP) plays an important role.
The unique morphological features provided by the CB-PANI composite supply of porous
and rough surface where the analyte is easily trapped. In addition, the composite improves
the distribution of metal nanoparticles onto the electrode surface, at a time that imparts
stability, electrical conductivity, and efficient electron transportation by increasing the
electroactive area.

Therefore, based on CV, the current close to 0.7 V could be correlated with glucose con-
centration, which is corroborated by linear scanning voltammetry (LSV) characterization.
Determining the catalytic activity of CB-PANI.1-1/AgNP, varying the glucose concentra-
tion from 0 to 10 mM, was carried out via LSV. Figure 7c shows that the current increases
proportionally with glucose concentration increment. The performance shown by CV and
LSV for glucose detection was quite consistent with linear behavior, which represents an
operating advantage of the material since it simplifies glucose quantification. Figure 7d
shows the linearity curve of the measurements of current vs. glucose concentration; as
noted, the linearity is acceptable with a correlation value R2 of 0.9548 in the range of 1 to
10 mM.
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The quantitative evaluation of glucose concentration and the performance of CB-
PANI.1-1/AgNP as a sensor of the analyte was evaluated by amperometry with successive
additions of glucose with increments of 1 mM. The experiment was evaluated at 0.7 V in
optimized conditions (100 mV s−1). Figure 8a shows the plot of i (µA) vs. t (s) and Figure 8b
the calculated calibration curve. The peak current at 0.7 V was shown to be a function of
glucose concentration, displaying a linear response R2 of 0.999 (3% standard deviation). CB-
PANI.1-1/AgNP was evaluated as a sensor with a linear range of detection (LROD) from
1 to 10 mM, a sensitivity of 41.26 µA mM−1 cm−2, and a limit of detection (LOD) of 520 µM
(LOD = 3.3 × σ/S, where σ y S are the standard deviation and sensitivity, respectively).
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1/AgNP and 0.1 M NaOH as the electrolyte and an applied voltage of 0.7 V.

3.6. Interference Test

The selectivity CB-PANI.1-1/AgNP was evaluated as shown in Figure 9. This study
was carried out using common interferents found in blood and biological fluids such as
potassium chloride (KCl), sodium chloride (NaCl), and urea. A known concentration of the
interferents was evaluated. The first signal appearing at 120 s of elapsed time corresponds
to 5 mM glucose. After 60 s, KCl was added to the electrolyte; in this case, no change was
recorded in the current signal. Approximately, at 240 s and 300 s of elapsed time NaCl
and urea were added, respectively. In this case, the response of the material remained
below 5% concerning the current recorded for glucose. The small change in current for
these two interferents was attributed to (a) the interferent slightly blocking the surface
of the modified electrode and then being diluted in the electrolyte and (b) the analyte
being slightly diluted with the addition of the interferent. Finally, at 360 s of elapsed time,
a second addition of glucose was added to the electrolyte, evidencing that the surface
remains active for the detection of glucose; for this reason, it could be considered that the
presence of these interferents does not affect the detection response.

To compare the performance of the proposed CB-PANI.1-1/AgNP sensor with other
works that used metal nanoparticles as electrocatalytic species, PANI, or carbon nanos-
tructures as a non-enzymatic material for glucose detection, we considered operational
parameters such as LOD, sensitivity, and linearity (see Table 2). Those values are the most
important parameters for an electrochemical glucose sensor and, as can be observed, the
obtained results were similar for those that involve the use of more sophisticated and
complicated synthesis material and hence of higher cost of production. Thus, it could be
concluded that the working range and LOD are suitable for the analysis of levels of glucose
to cover a wide range of concentrations that allow evaluation from normal levels (5.6 mM)
in people without glycemic conditions to levels that require appropriate medical attention
and care (≥7 mM).
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chloride (NaCl 135 mM), and urea (6 mM).

Table 2. Comparative values of CB-PANI.1-1/AgNP with Ag- and carbon-based nanomaterial
composites for non-enzymatic glucose detection.

Detection
System LOD (µM) Sensitivity

(µA mM−1 cm2) LROD (mM) Reference

GOx/MWCNTs/Pt 50 288.86 0–5 [48]

GOx/CNTMuci/Pt 3 15 0.002–0.003 [49]

GOx/Au/Ni/Au/NW ---- 123.3 mV/decade 0.5–10 [50]

Ag/Ag2O/rGO 0.06 32 0.2–8 [51]

LIG/AgNPs 412 24.1 0–10 [47]

CB-PANI.1-
1/AgNP 520 41 1–10 This work

GOx (graphite oxide), MWCNTs (multi-walled carbon nanotubes), rGO (reduced graphite oxide), LIG (Laser
Induced Graphene), Au (gold), Ag (silver), Ag2O (silver (I) oxide), Ni (nickel), CNTMuci (carbon nanotubes–mucin
composite), NW (nanowires), Pt (platinum).

4. Conclusions

Three composites with a core–shell morphology, carbon black/polyaniline composite,
were synthesized using the amphiphilic monomer P1. This monomer is a precursor of
polyaniline, and it was used to induce the dispersion of the carbon nanomaterial in an aque-
ous medium. The electrochemical characterization indicated that the best electrochemical
behavior was obtained with a ratio of 1 to 1 of P1 to carbon black, resulting in the composite
CB-PANI.1-1. The incorporation of silver nanoparticles, as an electrocatalyst, allowed the
detection of glucose in the range of 1 to 10 mM in an alkaline medium. The composite
showed excellent performance for the detection of the analyte, with excellent linearity and
reproducibility. It has to be mentioned that even when silver nanoparticles are the compo-
nent in charge of the glucose oxidation and hence the sensing of the analyte, the core–shell
composite showed a higher surface area, which in turn increased the number of active sites
available to carry out the oxidation reaction. Therefore, this study showed that the carbon
black/polyaniline nanocomposite is an excellent carrier for silver nanoparticles because it
favors the dispersion of the metal nanoparticles while generating a high electroactive area.
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