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The development of sensorial platforms based on graphene derivatives and conducting polymers (CPs),

alternatively deposited or co-deposited on the working electrode (usually a glassy carbon electrode; GCE) using a

simple potentiostatic method (often cyclic voltammetry; CV), possibly followed by the deposition of metallic

nanoparticles (NPs) on the electrode surface (ES). These materials have been successfully used to detect an

extended range of biomolecules of clinical interest, such as uric acid (UA), dopamine (DA), ascorbic acid (AA),

adenine, guanine, and others.
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1. Introduction

Uric acid (UA) is an important biomolecule in the human body, due to its connection with the appearance of certain

diseases: an increased level of UA is the major cause for the onset of illnesses, such as gout, hyperuricemia,

Lesch–Nyhan syndrome , diabetes, kidney, and heart disorders, which can irreversibly affect human individuals.

UA, as the chemical compound 7,9-dihydro-1 H-purine-2, 6, 8-(3H)-trione, is the main product of purine

metabolism. All mammals, except for the primates, are uricolytic organisms, having the capacity for enzymatic

oxidation of UA to allantoin, due to the presence of the enzyme urate oxidase. Significant variations in the UA level

are due to an increased catabolic rate or as a consequence of a dysfunction in the elimination route, leading either

to increased production of UA or an accumulation of it in different parts of the body. Diagnostic confirmation is

achieved through monitoring of UA levels in plasma, urine, and saliva samples.

As UA coexists with many other biomolecules inside the human body, such as AA and DA, the main problem

regarding its detection arises from the latter’s interference with UA, whose concentration exceeds the

concentration level of DA by a hundred times .

To overcome these difficulties, many studies have focused on synthesizing new materials which can be employed

to modify electrodes, including binary  and ternary  nanocomposites based on carbon structures, CPs, and

metallic NPs .
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Composites based on CPs and carbon NPs (CNPs)  decorated with metallic oxides  and/or metallic NPs 

have been successfully used for the selective and sensitive detection of an extended range of biomolecules of

clinic interest, such as UA, DA, AA, adenine, guanine, epinephrine, norepinephrine, and so on.

Due to their special properties, nanocomposites can significantly improve the working parameters of sensors, when

compared to the individual components .

In this work, researchers focus their attention on composites based on CPs of the Polypyrrole (PPY), poly(3, 4-

ethylenedioxythiophene) (PEDOT), polyaniline (PANI), and polyimidazole (PIm) type, as well as CNPs of the

graphene oxide (GO), reduced graphene oxide (RGO), and graphene quantum dots (GQDs) type.

Each of the main components within the composite material has a major contribution to sensor performance

enhancement; more precisely, regarding the improvement of the electrocatalytic property as well as the sensitivity

and selectivity of the electrochemical response. For example, CPs provide the advantage of increased active

surface area, in some cases ensuring a porous structure of the electrode, as is the case for PPy , which

enhances the stability and adhesion properties of the electrode surface. Due to the abovementioned properties, the

active specific area facilitates electronic transfer and improves the adsorption of the target bio-analytes at the ES

by promoting electro-oxidation of the adsorbed molecules. Monomers that readily polymerize on the ES, assisted

by a dopant which helps to increase conductivity, leads to CPs with the enhanced catalytic activity. The class of

CPs includes many representatives with very good conductors that help increase conductivity, such as PPy ,

PEDOT , PIm , and others .

PPy, which has a conjugated structure, is one from the most important CPs and has been successfully used in the

electro-detection of various biomolecules . This is due to several of its properties, including high

conductivity, ease of preparation, and good stability. Furthermore, PPy can be electrochemically oxidated to OPPy

(over-oxidated PPy), incorporating a high number of carbonyl groups after the oxidation process , thus providing

unique cationic selectivity, excluding the anionic species to reach the level of ES  selectivity which is

desirable for the detection of biomolecules including DA and UA, among others. Over-oxidation of PPy can lead to

a disruption of conjugation and, as such, although OPPy is a good ionic conductor with ion-selective properties, it

may also present non-conductive electronic properties , which could diminish the electrochemical signal

collection.

Overall, despite its ease of synthesis, good catalytic activity, low cost, good polymerization yield, and significant

chemical, thermal, and mechanical stability, together with good adhesion and high surface area, PPy has also

important drawbacks, including high charge transfer resistance and low conductivity , which can easily be

addressed by combination with conductive carbon structures (i.e., incorporation into hybrid structures).

Another CP often used for electro-detection of UA is PANI. This polymer provides a good matrix for different

inorganic semiconductors and carbonic materials, due to its high relative conductivity, chemical and

electrochemical stability, and other advantages such as ease of preparation, reduced cost of monomers and
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economic process of fabrication, reversible redox behavior, and thermal stability. The most active form of PANI has

been reported to be emeraldine, due to its high active area and low charge transfer resistance (R ) . However,

one important problem remains; namely, sufficient conductivity for applications in sensors field, making it suitable

for combination with graphene derivatives or other highly conductive structure which, on their own, cannot allow for

a uniform layer deposition on the ES with enhanced selectivity and, further, with extended electro-catalytic activity.

The study conducted by Ghanbari, K. et al., supported by that of Pihel, K. et al. , has revealed that, by

modifying the working ES with composite material based on PANI and graphene, the performance of the sensor

could be improved. This fact was translated through an increase in the electronic transfer rate as a consequence of

the strong electronic interaction which takes place between graphene and PANI.

PEDOT is another of the most-studied nanostructured polymers, due to its high electric conductivity ,

transparency , and high-quality film preparation . As has been reported by many research groups, including

that of Reddy, S. et al., PEDOT can be successfully used as an electrochemical sensor in numerous applications,

mainly due to its capacity to increase the electrode’s specific area .

Still, PEDOT alone, with its high conductivity at room temperature, electrochemical reversible behavior, and

important thermal and chemical stability, has poor cycling stability and low capacity to form charge transfer

channels within its structure, providing low catalytic activity. 

Besides these conductive polymers, PIm has been also reported, as pristine or in combination with carbon

nanostructures, and tested for UA detection. Polymerized PIm creates a uniform layer on the ES, which is

chemically stable and has controllable thickness , while the over-oxidation process improves its permselectivity

and antifouling process. The combination of PIm with highly conductive compounds can improve its electro-

catalytic response .

Overall, CPs lead to improvements in the sensitivity and stability of sensors while, at the same time, ensuring the

good mechanical strength of the final structure of the composite. The combination of high conductivity and

biocompatibility, together with the capacity to immobilize biomolecules on the ES for a long period of time while

maintaining their full activity, indicate the high potential of CPs for biosensor construction.

On the other hand, carbon nanostructures present controllable electronic, hydrophilicity (e.g., GO and GQDs),

stability, and catalytic properties, due to the functional groups on their surface, as well as high biocompatibility and

large surface areas, providing mechanical strength and high conductivity to the composite structure .

From the category of graphene derivatives used in the electro-detection of UA, GO is often used, due to its active

surface area, water-dispersion capacity and hydrophilicity, thermal and mechanical properties, versatility, and ease

of surface modification. A major disadvantage of GO is the tendency of stacking, thus restoring the graphite

structure; this disadvantage can be overcome, for instance, with the help of CPs .
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Various functional groups rich in oxygen at the GO surface allow for good dispersion of GO in aqueous solution;

however, its conductivity may be lost due to the large discontinuity in the sp  hybrid carbon network. This is another

reason why the combination of GO and CPs has high potential, particularly when referring to materials designed for

electrode modification in order to achieve better performance in electrochemical detection.

Another graphene derivative with promising applications in electro-detection for a wide range of analytes is RGO,

which possesses good properties for sensors, either by itself  or as a component of composite materials from

the working ES . Due to its high conductivity and significant charge mobility, RGO allows for an

increased sensitivity of detection—one of the most fundamental properties of a sensor—by accelerating the CT

rate together with a high specific surface area . Another advantage of using RGO is the high number of active

sites, as a consequence of the numerous functional groups on its surface, contributing to a uniform deposition of

the conductive polymer. Further, the π–π stacking interaction between the CPs and the RGO layer contributes to

an enhanced composite conductivity, facilitating charge transport and determining shorter routes for ion diffusion. A

significant shortcoming of RGO is its tendency to stack sheets together, leading to a smaller active surface area,

which can be overcome by mixing with CPs, which play a stabilizing role in hindering RGO layer aggregation and

provide better performance of the working electrode on which the composite material has been deposited.

In the study conducted by Yola, M.L. et al., it has been reported that GQDs, a form of graphene derivatives, when

used as part of the modified electrodes used for UA detection, very good response was achieved . GQDs

correspond to zero-dimensional (OD) structures with diameter smaller than 10 nm, exhibiting quantum confinement

effects and significant edge effects.  The main properties of GQDs are (a) high solubility in H O; (b) low toxicity;

(c) bio-compatibility; (d) photoluminescence in visible range; and (e) tunable bandgap. All of these properties

recommend them for use in various applications, such as bio-imaging .

Further, composites based on CPs and graphene derivatives such as GO, RGO, and GQDs have been

synthesized mainly using three methods: (i) mixing of the constituents, including mechanical mixture  or

electromagnetic stirring of the mixing solution ; and (ii) chemical or (iii) electrochemical polymerization of the

monomer in the presence of graphene derivatives . The prevalent method is electrochemical synthesis

. Composites can be prepared through the simultaneous  or alternative  deposition of CPs and graphene

derivatives. The major advantage of using this method is the good control of the film thickness, achieved by varying

certain parameters such as work potential, current intensity, scan speed, deposition time, and number of cyclic

voltammograms. Furthermore, the deposition process is carried out directly on the ES, using small amounts of

analytes, with minimal losses.

The electrochemical method can also be used for UA determination, due to important advantages such as rapid

detection, low preparation costs, reduced amounts of production materials, and ease of handling, together with the

sensitivity and selectivity of the modified electrode . Such electrochemical detection is usually carried out on flat

electrodes made from carbon-based materials, such as glassy carbon , carbon fiber paper , carbon paste

electrode , or ionic liquid-modified screen-printed carbon .
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In order to increase the sensitivity, the ES is sometimes modified with metallic NPs, carbon nanotubes, carbon

monoliths, quantum dots, graphene and its derivatives, and/or CPs . According to the studies reported in the last

6 years, the most promising results for achieving the highest sensitive electrochemical signal on a modified

electrode, with linear response in a large range of concentrations and the lowest limit of detection (LOD), turned

out to be composites based on carbonic structures and CPs, decorated with metallic NPs .

2. Chemical and Vibrational Properties of the CPs/GO
Composites

2.1. Chemical and Vibrational Properties of GO/PIm Composites

The main advantage of using GO/PIm composites is their fast preparation, which can be performed directly on the

ES. They can be synthesized through electrochemical co-deposition from a suspension of GO and imidazole (Im).

After deposition, the composite can be easily electrochemically over-oxidized. During this process, multiple

functional groups rich in oxygen are introduced into the imidazole unit, thus improving the permselectivity and

sensor response .

A GO/PIm composite has been prepared, according to the electrochemical method described by Liu, X. et al., right

on the GCE ES, from 0.3 moles of imidazole dispersed in a mixture of 3 mL GO suspension (5 mg/mL) and 0.3

moles of surfactant (sodium dodecyl sulfate; SDS), with a potential range between −0.2 and 0.8 V. The composite

material, PIm–GO, was then oxidized in 0.1 M phosphate-buffered saline (PBS) medium (pH = 3) at +1.8 V for 250

s .

When analyzed by FTIR spectroscopy, the PImox–GO composite presented IR bands characteristic of both PIm

and GO. Therefore, the IR bands assigned to the C=C vibrational mode of the aromatic ring and the C=N–

stretching vibration, located at 1642 and 1468 cm , respectively, were attributed to PIm, together with the bands

situated at 2850 and 2918 cm  belonging to the stretching vibration of C–H bonds . In addition, the

corresponding C=C bond band (1642 cm ) in the PIm–GO spectrum was stronger than that for PIm. This, together

with the new bands that emerged at 1204 and 3435 cm , attributed to the C–O and O–H bonds of GO,

respectively , demonstrated the formation of the nanocomposite.

2.2. Chemical and Vibrational Properties of GO/PPy Composites

To improve its electro-conductivity, GO has been combined with PPy, in this way promoting the electrochemical

response of the modified sensor due to the π–π stacking between GO layers and PPy rings . The

nanocomposites were co-deposited on carbon fiber paper (CFP) using the potentiostatic method, followed by the

deposition of AuNPs on the composite surface through CV. The co-deposition was performed using a mix of GO

suspension (1 mg/mL), pyrrole monomer (50 mM), Na SO  0.1 M, and 20 mM SDS, ultrasonicated for 30 min at

constant potential of +0.7 vs. Ag/AgCl, using a three-electrode configuration consisting of Ag/AgCl as the reference

electrode, Pt wire as the counter electrode, and CFP as the working electrode.
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The non-covalent functionalization pattern is also present for the GO composite with PPy (see Figure 1); in this

case, the Py monomers are attached onto the GO surface through π–π interactions, hydrogen bonds, and VW

forces . After attaching to the GO surface, the pyrrole monomers were electrochemically oxidated, without

stacking as a multiple layer structure. The structure of GO deposited on the electrode resembled wrinkled paper

with a high active area, while PPy deposited on the top of GO could not be distinguished due to its dispersion on

the GO surface, rather than stacking and overlapping as multiple layers. This was considered to occur due to the

strong interaction between the GO platform and Py dissociative monomers. In contrast, the pristine PPy deposited

on CFP appeared different to the composite, presenting an agglomerated structure.

Figure 1. Non-covalent functionalization of GO with PPy inside the composite (A); and UA oxidation process at the

surface of the composite deposited onto ES (B).

The characteristic bands of GO and PPy were revealed in IR absorbance spectra, with the bands situated at 1730,

1614, 1217, and 1051 cm  being assigned to the stretching vibration of C=O, C=C sp  vibration, o the stretching

vibration of C–O bond from the epoxy group, and the stretching vibration of C–O from the alkoxy group,

respectively, together with a large band situated at 3199 cm  corresponding to O–H stretching vibration; whereas

the IR bands at 1545 and 1470 cm  corresponded to the stretching vibrations of C–C and C–N from the Py ring,

respectively . The bands at 1178 and 921 cm  corresponded to the doped state of PPy , while the sharp

band at 1047 cm  was assigned to the deformation vibration of C–H bonds and stretching vibration of N–H bonds

. The bands corresponding to GO (1792 cm ) and PPy (1545 and 1470 cm ) were also visible in GO/PPy and

AuNPs@GO/PPy spectra. In the XPS spectrum of AuNPs@GO/PPy, peaks at 288.5, 286.9, 258.2, and 284.6 eV

were observed, corresponding to C=O, C−O, C−N, and C−C bonds, respectively. Maxima fitting revealed that the
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GO structure was rich in functional groups with oxygen content. The XPS N1s spectrum was decomposed in two

maxima, located at 401.5 (−N −) and 399.7 eV (−NH−) , being considered as further proof of composite

generation.

A PPy–GO composite was prepared by in situ chemical polymerization. Py (30 µL) was added to GO (40 mL, 0.5

mg/mL) and an oxidant solution (0.32 g FeCl  × 6 H O). After 4 h, on an ice bath in dark conditions, a black

suspension of PPy/GO was obtained. Over 10 mg of PPy/GO powder and 10 mg of polytetraphenylporphyrin (p-

TPP) were added into 4 mL of N,N-dimethylformamide (DMF). The resulting mixture was ultrasonicated for 2 h, in

order to obtain a stable suspension of p-TPP/PPy/GO composite material. Through deposition of the resulting

composite on the GCE ES, the sensor for UA detection was prepared . The PPy/GO nanocomposites presented

a structure of micro-pores, thus determining an increase in active surface of the electrode. Pyrrole molecules were

adsorbed on the GO surface through π interactions and electrostatic adhesion forces. The adsorption process was

facilitated by a high number of functional groups with oxygen (i.e., hydroxy, carboxy, and epoxy groups), as well as

active centers, on the GO surface. After polymerization, the PPy layer covered the GO surface uniformly, hindering

the agglomeration of multiple layers of GO. Furthermore, the cross-linking created through the introduction of p-

TPP indicated a homogeneous mixture of p-TPP and PPy–GO, leading to a uniformly distributed nanocomposite.

In the p-TPP/PPy/GO, there was a non-covalent functionalization between GO and PPy, the synergic action of both

main components providing high electrocatalytic properties. GO plays a fundamental role in the initiation of the in

situ polymerization process of Py monomers, due to its surface being rich in functional groups with oxygen,

whereas the PPy film maintains the high surface area of GO by preventing recovery of the graphite structure.

According to the FTIR spectra recorded for GO, PPy/GO, and p-TPP/PPy/GO (Figure 2), the signature of GO from

the PPy/GO composite was revealed through the IR bands situated at 1738, 1397, and 1092 cm , attributed to the

stretching vibrations of C=O in COOH, and C–O in C–OH and C–O–C, respectively . Another band situated

at 1635 cm  was attributed to the stretching vibration of C=C which, together with the bands located at 1401 and

1090 cm , assigned to C–OH (1397 cm ) and C–O–C (1092 cm ), respectively, complete the GO IR spectrum.

The signature of PPy was indicated by the bands situated at 1695, 1041, and 1573 cm , corresponding to the

stretching vibrations of C=N and C–N from the Py ring , and to the symmetric stretching vibration of the –CH

bond . These results revealed the coverage of GO nanosheets with PPy. The ratio of the D and G Raman

band intensities of GO and PPy/GO were similar (i.e., 1.05), indicating the coverage of the GO sheets with PPy

had no significant effect on the GO structure, the interaction between the two components being rather weak and,

thus, described as a non-covalent functionalization.
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Figure 2. FTIR spectra of the compounds: GO (black curve), PPY/GO (blue curve), and p-TPP/PPY/GO (red

curve). Reproduced with permission from ref. ; Copyright 2022 Springer.

The synthesis of the p-TPP/PPy/GO hybrid was verified through Raman spectroscopy. According to Dai, H. et al.,

the lines associated with the stretching vibration of the ¼ pyrrole ring and phenyl ring (1326 and 1435 cm ,

respectively) were emphasized and accompanied by an increase in G band intensity  (Figure 3). The PPy-GO

composite was characterized by a highly specific area and excellent electric conductivity, while the p-TPP

microspheres within its composition can hinder nanocomposite stacking during thermal treatment, thus contributing

to the synthesis of a three-dimensional structured nanocomposite.

 

Figure 3. Raman spectra of the compounds: GO (black curve), PPY/GO (red curve), and p-TPP/PPY/GO (blue

curve). Reproduced with the permission from ref. ; Copyright 2022 Springer.

2.3. Chemical and Vibrational Properties of GO/PEDOT Composites

Furthermore, GO can play the role of a dopant in certain composites, balancing the charges; for example, in the

case of PEDOT/GO, it contributes to balancing the positive charges from the PEDOT backbone by increasing the

amount of functional groups with oxygen .

In order to improve the GO conductivity, which is weakened by the sp  interrupted network of C, new composites

with PEDOT were tested, and the synergic effect of both PEDOT and GO led to improved electrocatalytic
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properties of the resulting sensor . A small amount of GO suspension (1 mg/mL) in deionized water mixed with

3,4-ethylenedioxythiophene (EDOT) monomer (10 mM) was deposited on ITO and covered with Whatman paper,

in order to obtain a thin layer electrochemical cell. The piece of paper retains not only the reactants, but also

connects the electrode system. The electrochemical polymerization was carried out using chronoamperometry, by

applying a potential of 1.2 V for a period of 150 s. At the end, a PEDOT–GO/ITO sensor was obtained . The

positive charge of the resulting polymer can attract negatively charged groups from the GO surface and, so, the

interaction taking place between the two components is described as non-covalent functionalization  (see Figure

4 below). During the polymerization process of the PEDOT–GO nanocomposite on ITO substrate, the composite

benefits from the mechanical support of the GO layer, which provides increased stability. Analysis of the composite

surface morphology revealed that the PEDOT–GO film was uniformly distributed in a random form, appearing as a

porous and rough network. The free space between the layers/sheets is favorable for electron exchange between

the biomolecules and the electrode substrate. Overall, combining the components PEDOT and GO resulted in an

increase in the sensitivity of the sensor .

Figure 4. Interaction between GO and PEDOT, inside the composite used for UA detection.

The changes observed in the UV–Vis absorption spectra of the composite, regarding the shift of the band assigned

to PEDOT oligomers from 344 nm  to 356 nm, together with the formation of a new broad band located between

600 and 800 nm, were assigned to polarons and bipolarons originating from the partially doped PEDOT .

Sensors based on PEDOT and GO have also been prepared by a different method—namely, co-deposition—from
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a mixture of EDOT 10 mM solution and GO suspension (1 mg/mL), in the potential range between −0.2 and −1.2 V,

during 20 CV, and at a scanning rate of 100 mV/s.

Different electrolytes, such as PBS, GO/PBS, and GO, can be used to obtain optimal combinations of the main

components which could activate the electro-catalytic property of the electrode. Thus, the preparation of PEDOT–

GO/GCE, according to Li, D et al. , was performed in two ways: first, the polymerization process was initiated by

an oxidant; second, the initiation was conducted through electro-polymerization and the resulting polymeric film

could be oxidated through further electro-polymerization . Among different electrolytes for EDOT electro-

polymerization on the GCE surface, PBS, GO, and GO in PBS were considered, one at a time, and it was seen

that, in the presence of GO as a unique electrolyte, the current amplitude increased with the number of cycles and

the initial oxidation potentials were shifted to negative values, suggesting the growth of the PEDOT–GO layer. At

the end of the electro-polymerization process, the formation of a metallic film with blue shine confirmed the

synthesis of the PEDOT–GO hybrid film. According to Li, D. et al., GO plays a crucial role in promoting

nanocomposite formation, providing both electrolyte support for the ion conductor and counterion in the polymer

doping process when the positive charges of the polymer have been neutralized. The great active surface of GO

provides numerous bonding sites for deposition of the PEDOT layer. On the other hand, PEDOT improved the

weak conductivity of GO, and the synergic effect of both components of the composites could lead to a significant

improvement in the electrochemical and catalytic properties of the PEDOT–GO composite.

3. Chemical and Vibrational Properties of CPs/RGO

The methods of synthesis used to obtain this type of composite range from the simplest and fastest, such as

electrochemical methods , to complex routes for preparation of composites; for example, through a

hydrothermal route . Among the CPs, the most-reported in combination with RGO to obtain composites used for

UA detection are PPy , PANI , and PEDOT .

3.1. Synthesis and Interaction between RGO and PPy Inside the Composite

According to the study published by Chen, X. et al. , composites based on PPy and RGO were prepared starting

with the deposition of RGO film on top of the GCE. Next, using a Py solution (0.2 M) in PBS medium (10 mM, pH =

7.4), within the potential range of −0.2 to 0.8 V, the PPy film was deposited on the RGO/GCE surface. The final

stage involved PPy film oxidation, performed through an electrochemical process within the potential range of 0–1

V, during 4 cyclic voltammograms in NaOH 0.1 M solution. The electrochemical properties of GCE modified with

OPPy (over-oxidated PPy) and RGO were tested using redox samples, including negatively charged Fe (CN)

and positively charged Ru (NH ) , comprising electroactive compounds of similar size. On PPy/ERGO/GCE, the

charge currents increased and the redox maxima disappeared. On the other hand, when using OPPy, within

OPPy/ERGO/GCE, the charge currents decreased, the ruthenium redox maxima disappeared at an oxidation

potential of 0.253 V, and a reduction potential of −0.237 V was observed. The oxidation maximum increased by 4.7

times and the reduction potential by 9.3 times, compared to GCE alone. According to , these results indicated

that the ruthenium sample reached the ES and CT took place. The hybrid nanocomposite OPPy/ERGO has ion-
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selective properties, as the negative charges of OPPy allow only cations to reach the ES and be involved in the CT

process. Comparing the electrochemical behavior with both the positively and negatively charged systems, the

influence of the PPy over-oxidation process on the electrochemical activity of PPy/ERGO hybrid composite was

highlighted. The negatively charged OPPy film led to electrostatic adsorption. On the PPy/RGO film surface, with

the help of SEM images, it was observed that small PPy spheres covered the entire surface. This indicated the

formation of a 3D polymeric structure through in situ polymerization had occurred on the ES, with the help of a

graphene template . After performing the over-oxidation treatment on the ES, a rough, compact, and uniform film

was obtained, resembling sheets of wrinkled paper with many edges.

Another method for synthesis of an RGO/PPy composite involved co-synthesis from a mixture of GO (40 mg) and

cetrimonium bromide (91 mg), phosphoric acid (15 mL), and Py monomer, which was gradually added to the initial

mixture and stirred for about 2 h at 15 °C . Polymerization was initiated by adding ammonium persulfate solution

(APS). After 4 h of reaction, the black precipitate was filtered, washed, and dried. RGO/Pd@PPy nanocomposite

was obtained by dispersion of RGO/PPy powder in ethylene glycol and 7 mg/mL PdCl  solution. Then, the mixture

was exposed to microwaves for thermal treatment for 2 min, following which it was centrifuged and dried at 100 °C

under vacuum. The RGO/Pd@PPy NPs was then drop-casted on the GCE surface. According to the Raman

spectroscopy analysis, the I /I  ratios reported for RGO/PPy and RGO/Pd@PPy were equal to 0.87 and 0.96,

respectively, which was interpreted as proof of the functionalization of RGO with PPy–Pd . Comparing the SEM

images recorded on PPy/ERGO before and after the over-oxidation process, it was found that the PPy/ERGO film

had a laminated structure before oxidation, with multiple spheres of PPy covering the PPy/ERGO/GCE surface,

suggesting the generation of a 3D polymeric structure on the ES. According to the results obtained by Demirkan,

B., the ERGO layer, deposited before starting the polymerization of Py, plays the role of a template, guiding the

entire process of the PPy film growth. At the end of the deposition process, after the over-oxidation stage, a

compact, uniform, and thin hybrid film of PPy/ERGO was formed .

3.2. Chemical and Vibrational Properties of RGO/PANI Composites

A PANI/RGO composite has been prepared through chemical synthesis from GO, hydrothermally treated with a

mixture containing Fe(NO ) , SnSO , and PANI, obtained through oxidative chemical polymerization from 500 mg

ANI, 5 mg surfactant (Triton X-100), 20 mL ultrapure water, and 10 mL HCl solution (1 M) . According to the

synthesis reported by Minta, D. et al., a mixture of ANI and surfactants, in an acidic medium, was ultrasonicated for

30 min at a temperature between 0–5 degrees, after which polymerization was initiated through the addition of

ammonium persulfate. The final composite was synthesized by adding 50 mg of GO decorated with tin and iron

oxides in ultrapure water and ultrasonicated during 30 min. Then, PANI powder was added, and the reaction took

place in an autoclave at 180 °C, for 12 h, under stirring. After several wash/dry cycles, the resulting composite had

a mass ratio 50:17:33 PANI:Fe O –SnO :RGO (PFSG).

The PANI/RGO formed through in situ electrochemical deposition presented a mixed morphology, having both the

RGO layer structure and the PANI nanofibers distributed on the graphene layer surface, obtained after performing

the ANI polymerization in HCl . The main IR bands from the PANI spectrum, located at 1390, 3445, and 2830
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cm , were assigned to the stretching vibrational mode of C–N, N–H, and C–H bonds, respectively. To these, the

stretching vibrational mode of quinoid ring, located at 1138 cm  (N–Q–N–Q) was added. The prominent

absorption bands were assigned to C=C deformation from the quinoid ring (1585, 1498 cm ) and to the stretching

vibrational mode of the C–N bond of the secondary aromatic amine . In the FTIR spectra of RGO/PANI, the

absorption bands from 1560 and 1487 cm  were assigned to the stretching vibrational mode of C=C bonds within

quinoid and benzene structures, respectively . The bands from 1296 and 1242 cm  were attributed to the

stretching vibrational mode for C–N and C=N bonds, respectively .

These bonds suggest the coverage of RGO sheets with PANI, and the results provide evidence of the

functionalization type which takes place between PANI and RGO; namely, covalent functionalization  (see

Figure 5).

Figure 5. Interaction between RGO and PANI in the composite used for UA detection.
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The presence of these bands suggest the coverage of ZnO with PANI/RGO, resulting in a ZnO/PANI/RGO

composite, which leads to a shift in the position of peaks and changes in their relative intensity. Regarding the

ZnO/PANI/RGO FTIR spectrum, the peaks located at 1560, 1487, and 1390 cm  shifted towards the higher

wavenumbers of 1566, 1488.9, and 1394 cm , respectively, indicating that the nitrogen atoms from amine groups

(NH) and imine groups (N) had bonded with Zn  through protonation and complexation reactions . The band of

high intensity from 1394 cm  and the wide band from 437 cm  correspond to the stretching vibration of O–Zn–O

. The strong stretching vibrations of C–N  bonds, represented by the Raman line at 1330 cm , correspond to

radical cationic structures, such as the protonated semi-quinoid structure. The lines situated at 1225 cm  and

1170 cm  could be assigned to the stretching vibration of C–N bonds in the polaronic units and in-plane bending

vibrations of C–H bonds corresponding to bipolaronic shapes, respectively. The Raman lines from 829, 770, 507,

and 411 cm , correspond to the bending vibration of the C–N–C bond, to the quinoid ring deformation, and to in-

plane and out-of-plane amine deformation, respectively. The Raman lines from 1485 and 1583 cm  were assigned

to the RGO signature shift from the initial position, meaning that a bond between C–N  and carboxylate group from

the RGO sheets was created, which was formed on the basis of the π–π* interactions occurring between PANI and

RGO . Confirmation of the incorporation of RGO into the PANI matrix during electro-polymerization was

recorded through the two bands at 2770 and 3070 cm , which were assigned to the respective contributions of the

D and G bands, together with the contribution of the 2 D band from the Raman spectra of PANI/RGO composite 

.
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