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ABSTRACT:

Thermally reduced graphene oxides (TRGOs), produced at 400 and 700 °C, and polyaniline
(PANI) were used for one-pot facile hydrothermal synthesis of binary nanocomposites
(PANI/TRGO). The morphology and chemical composition of these materials were thoroughly
characterized by means of scanning electron microscopy, nitrogen sorption at 77 K, elemental
analysis, X-ray photoelectron spectroscopy, X-ray diffraction, and sheet resistance measurements.
Cyclic voltammetry, differential pulse voltammetry and electrochemical impedance spectroscopy
were used for electrochemical characterization. The scanning electron microscopy (SEM)
observation revealed that the morphology of TRGOs has a crucial impact on the distribution of
PANI in the composites. A more homogenous distribution of PANI was achieved for
PANI/TRGO-700 due to the higher degree of exfoliation of the starting material TRGO-700. The
synthesized composites were investigated as modifiers of glassy carbon electrodes (GCEs) for the
electrochemical sensing of dopamine. Both, the PANI distribution and an appropriate oxygen
content are key for DA sensing. Thus, the better performance of PANI/TRGO-700 as an active
material was revealed, achieving a LOD of 430 nM, an excellent sensitivity (6.7 pA pM™) and

stability after 30 days.

KEYWORDS: hydrothermal treatment, composites, graphene materials, conducting polymers,

electrochemical sensor, dopamine
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1. Introduction

Dopamine (DA) is one of the most crucial neurotransmitters in the human brain [1]. Among other
neurotransmitters, DA is highly responsible for regulating the pleasure and reward pathways [2].
An inadequate release of DA can initiate mental health issues, while its high production can lead
to addiction and, as a result, to long-term dejection [2]. Very low DA levels can be indicators of
Parkinson’s and Alzheimer’s diseases [3]. Therefore, the monitoring of DA levels provides very
important information about a patient’s health. In this context, different sensing technologies are
being widely investigated for greater simplicity and improved sensitivity of DA sensing
approaches [4]. Among them, high-performance liquid-chromatography [5], optical sensors [3],
fluorescence spectrometry [6] are being developed, along with the very promising electrochemical
sensors [3,7]. The simplicity, fast response and low-cost of electrochemical sensing has recently
attracted considerable research interest in this field [8].

Currently, research concerning electrochemical sensors is mainly focused on the development of
new and facile-synthesized materials able to improve the working parameters of sensors and
facilitate real-time detection [3]. On this basis, it is also essential to consider that DA coexists with
several interfering species, such as uric acid (UA), ascorbic acid (AA), glucose or epinephrine,
which have similar oxidation potentials [9]. To overcome selectivity problems for the target
analyte, it is beneficial to design materials that can specifically catalyze its redox processes, for
example, decreasing its oxidation potential [10]. In this regard, graphene materials, conductive
polymers, and their composites are being increasingly studied [3,10-13]. Graphene-like materials
with heteroatoms, such as oxygen, and defects in their structure, present a limited electrical
conductivity [14,15]. However, it has been previously demonstrated that negative oxygen moieties

have a beneficial impact on DA detection, attracting its cationic form to the electrode/electrolyte
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interface [16]. To apply graphenes as active electrode materials for DA electrochemical detection,
it is crucial to select the most appropriate synthesis procedure, to be able to tune the oxygen
content. A simple approach is the thermal exfoliation/reduction of graphite oxide (GrO), which
enables the controlled tailoring of the oxygen content [17,18]. Moreover, to combine good
electrochemical properties and improved interactions between the surface of active materials and
analyte, PANI/graphene material composites have been developed [10]. PANI has been
increasingly studied in the field of electrochemical sensing due to its low cost and simple synthesis,
good electrical conductivity, and environmental stability [19,20]. Furthermore, the long polymer
chains and m-rich structure of PANI can facilitate the imniobilization of DA molecules via the
interaction between the DA phenyl ring and polymer [12].

Numerous articles have shown the successful application of reduced graphene oxides (rGOs),
PANI and their composites with inorganic materials such as metals, metal oxides and metal
nanoparticles for the detection of different analytes [21-23]. However, there are still a few works
presenting the performance of binary PANI/rGO composites for the electrochemical detection of
DA. Yang et al. [24] obtained electrochemically rGO, which exhibits good performance for DA
detection, with a LOD of 500 nM at neutral pH. Gao et al. [25] synthesized GO by a modified
Hummers method and used the resultant material to modify a GCE for DA detection (LOD=270
nM at pH 5.0). A simple exfoliation of graphite oxide and subsequent reduction by hydrazine and
ammonia was used by Kim et al. [26] to prepare a graphene material as a GCE modifier. In the
electrochemical detection of DA, the platform showed a LOD of 2.64 uM over a wide linear range
of 4-100 uM. Related to conductive polymers, a tetragonal star-like polyaniline microstructure
synthesized under hydrothermal conditions (120 °C/6 h) was applied by Jin et al. for DA detection,

achieving a LOD of 700 nM [27]. Furthermore, Manivel et al. [19] used PANI-GO fibrous
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nanocomposites for the simultaneous determination of DA, UA and AA. The composite was
synthesized by in situ chemical oxidative polymerization of the aniline monomer in a GO
suspension. DA detection was possible in the range from 2 to 18 uM with a LOD of 500 nM and
a sensitivity for DA of 2 uA pM™. Yang et al. [28] applied AuNP@polyaniline core-shell
nanocomposites for simultaneous DA and AA detection. The obtained LOD values were 5 and 8
KM, respectively.

In this work, PANI/TRGO-based electrochemical sensors were evaluated for their ability to
selectively detect dopamine. To the best of our knowledge, this is the first study in which these
graphene materials, prepared through the thermal exfoliation/reduction of GrO, were used as
components of nanocomposites with PANI and subsequently tested as active electrode materials
for DA detection. The two TRGOs obtained at different temperatures (400 and 700 °C) were
treated with PANI under hydrothermal conditions. The resultant composites differed in their
morphology and elemental composition, leading to different behaviors during DA sensing. The
appropriate oxygen content and homogenous distribution of PANI in the PANI/TRGO-700
composite was responsible for its remarkable electrochemical performance, reaching a LOD of
430 nM and a sensitivity of 6.71 pA uM™.,

2. Experimental
2.1 Synthesis of the starting materials

GrO was obtained by the oxidative treatment of anthracene oil (AO)-derived graphite using a
modified Hummers method [29]. GrO was then exfoliated by flash pyrolysis in a tubular furnace
at a controlled temperature (below 300 °C) and then ramp-heated (5 °C min™) up to the final
temperature (400 and 700 °C, tr=1 h) under inert atmosphere (N2 flow: 200 mL min™) [17]. The

as-prepared thermally reduced graphene oxides were labelled as TRGO-400 and TRGO-700.
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PANI was synthesized using a common oxidative polymerization procedure that was previously
reported [30]. Briefly, 500 mg of aniline monomer (Sigma Aldrich, Poznan, Poland) and 5 mg of
Triton X-100 were added to a solution composed of 20 mL of Milli-Q water and 10 mL of 1 M
HCI. The solution was then ultrasonicated for 30 min at 0-5 °C. Then, the mixture was stirred, and
ammonium persulfate (APS) was added at a 1:2 molar ratio of aniline:APS. The polymerization
was performed at 0-5 °C for 6 h. The final product was filtered and washed with Milli-Q water
and methanol until the supernatant reached neutral pH. Finally, the product was vacuum dried at
60 °C for 12 h.
2.2 Hydrothermal synthesis of the composite materials (PANI/TRGO)
PANI/TRGO composites were prepared using a simple one-step hydrothermal treatment. First, 50
mg of the corresponding TRGO were dispersed in Milli-Q water and ultrasonicated for 30 min.
Afterwards, 50 mg of PANI were added to the solution and ultrasonicated. The dispersion was
placed into an autoclave (Parr Instrument Company, Moline, IL, USA), and the reaction was
performed at 180 °C for 8 h with constant stirring (200 rpm). The autogenic pressure was ~8.8 bar.
After the reaction, the product was washed with Milli-Q water and finally vacuum dried overnight
at 60 °C. The resulting composite materials were labelled PANI/TRGO-400 and PANI/TRGO-
700.
2.3 Preparation of the working electrodes

Firstly, glassy carbon electrodes (GCEs) were polished using alumina oxide and washed with
Milli-Q water. Then, the cleaned electrodes were modified with 2.5 pL of a suspension prepared
by mixing (with 3 h of ultrasonication) 4 mg of the starting graphene material or corresponding

PANI/TRGO composite, and 1 mL of dimethylformamide (DMF, Sigma Aldrich, Saint Louis,
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USA)/Milli-Q water solution (v/v ratio 1:1). After that, the electrodes were dried in a furnace at

60 °C for 10 min before being used.

2.4 Characterization of the materials
The morphology of the starting materials (TRGOs, PANI) and subsequent composites
(PANI/TRGO) was examined by means of scanning electron microscopy (SEM, using a FEI model
Quanta FEG 650 instrument operating at 25 kV, Hillsboro, Oregon, USA). The crystalline
structure was determined using X-ray diffraction (XRD, Bruker D8 Advance diffractometer,
operating at 40 kV and 40 mA, Karlsruhe, Germany). The specific surface area was determined by
applying the BET equation to the nitrogen adsorption isotherms obtained at 77 K on an Autosorb
IQ gas sorption analyser (Quantachrome, Boynton Beach, FL, USA). The total C, H, N and O
contents of the samples were determined with LECO-CHNS-932 and LECO-VTF-900
microanalysers (Geleen, The Netherlands), respectively. The chemical surface composition was
determined by means of X-ray photoelectron spectroscopy (XPS) analysis using a VG-Microtech
Multilab 3000 spectrometer (SPECS, Germany) equipped with a hemispherical electron analyser
and a MgKa (hv = 1253.6 eV) X-ray source. The type of carbon bonding and the oxygen and
nitrogen functional groups in the samples were estimated by curve fitting the C1s and N1s spectra
using a Gaussian-Lorentzian peak shape after performing a Shirley background correction. The
XPS spectra were calibrated with respect to the C1s signal at a binding energy of 284.5 eV. In
addition, a Jandel RM3000+ test unit attached to a Jandel cylindrical four-point probe head (Jandel
Engineering, Leighton Buzzard, UK) was used to evaluate the sheet resistance of the studied
samples [31,32]. For these measurements, films of ~1 cm? of the starting and composite materials

were deposited onto glass slides. These films were made by depositing on the substrate a sufficient



Journal Pre-proof

volume of the corresponding suspensions previously described and drying them at 80 °C until
solvent evaporated. An average of 4 measurements per film was taken.
2.5 Electrochemical measurements

The electrochemical characterization of the synthesized materials (both the starting and composite
materials) was performed in a laboratory-made three-electrode cell with a modified GCE,
Ag/AgCl/3.5 M KCI (i.e., 0.205 V vs. NHE) and a graphite rod as the working, reference, and
counter electrodes, respectively. Cyclic voltammetry (CV) measurements were carried out at
potentials ranging from -0.5 to 0.8 V at increasing scan rates (sean, from 2 to 250 mV s?), using
0.1 M phosphate-buffered saline solution (PBS) containing 100 uM DA as the electrolyte (pH
value as indicated). Electrochemical impedance spectroscopy (EIS) experiments were performed
at frequencies from 0.1 to 10° kHz using a DC potential of 0.27 V. The selected electrolyte
consisted of PBS (pH = 7.0) and 10 mM [Fe(CN)s]*7*", as a redox probe to obtain preliminary
information about the electron transfer resistance of the different materials. Furthermore, the
calibration curves of DA were obtained by differential pulse voltammetry (DPV) tests with
optimized parameters, including the holding time at starting potential (20 s), pulse amplitude (225
mV), pulse width (195 ms), pulse period (200 ms) and pulse increase (5 mV). All experiments

were carried out at roorm temperature with a VMP3 potentiostat-galvanostat (Bio-Logic, France).
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3. Results and discussion

3.1 Characterization of the starting and composite materials
The morphologies of the starting materials (PANI, TRGO-400 and TRGO-700) and their
composites (PANI/TRGO-400 and PANI/TRGO-700) were investigated by means of SEM (Figure

1).

Figure 1. SEM images of (a) PANL, (b) TRGO-400, (c) TRGO-700, (d) PANI/TRGO-400 and (e)

PANI/TRGO-700.

As previously reported, PANI mainly consists of coral-shaped and agglomerated nanoparticles
(Figure 1a) [33]. Regarding the graphene materials, both TRGOs are composed of typical
corrugated layers, resulting from the thermal exfoliation and reduction steps (Figure 1b and 1c)
[18,34]. However, compared to TRGO-700, TRGO-400 does not seem to be fully exfoliated, as
some accordion-type structures [35] are distinguishable. After hydrothermal treatment of the PANI

and TRGO mixture, the resultant composites exhibit significantly different morphologies



Journal Pre-proof

depending on the TRGO used as starting material. For PANI/TRGO-400, the presence of
aggregated PANI particles covering the surface of the graphene sheets is more evident. According
to Figure 1, the exfoliation degree of TRGO-400 is lower than that of TRGO-700; therefore, the
homogenous distribution of the PANI chains between the graphene flakes is harder despite the
high pressure applied during hydrothermal treatment (~8.8 bar). In contrast, a more efficient
incorporation of PANI between the graphene sheets can be observed in the case of TRGO-700 due
to its higher exfoliation degree. Moreover, the autogenic pressure can promote the introduction of
PANI between the graphene layers. This implies a homogeneous distribution of PANI
nanoparticles in the PANI/TRGO-700 composite. The above finding is supported by XRD results
(Figure S1, Supporting Information). A diffraction peak at 23.9 — 25.6° (JCPDS card no. 72-0634),
corresponding to periodicity parallel to the polymer chains of PANI, is observed for both
composites. This peak overlaps with the one assigned to the (002) plane of the rGO structure
[36,37]. A less intense diffraction peak at 20 of 43.6° corresponds to the (100) plane of rGO
structure [30]. The peak recorded in the range of 10.1 — 13.2 is referred to PANI [38]. The
calculated average interlayer distance (doo2) for TRGO-400 is higher than that of its composite
(0.3651 vs. 0.3641 nm), which is in agreement with the distribution of PANI chains mainly on the
surface of graphene layers, thus causing their compression. In contrast, when examining
PANI/TRGO-700, the interlayer distance increases (0.3465 vs. 0.3497 nm), which can be
explained by the higher separation of the graphene nanosheets as a result of the incorporation of
PANI between them. As expected, the PANI/TRGO composites have a significantly lower BET
surface area than the TRGOs, due to the PANI contribution (Table 1). An over threefold decrease
in the Sget value has been observed due to the very low surface area of PANI. Lowering the

specific surface area of composites could be beneficial for their electrochemical application as

10
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sensing materials due to a marked decrease in capacitive currents [16]. Regarding the chemical
composition of the studied materials, Table 1 shows the results obtained by elemental analysis (wt.
% in bulk) and XPS analysis (at. %) of the composites and their starting components. The
distributions of the oxygen and nitrogen functional groups are summarized in Table 2.

Table 1. Characteristics of the starting and composite materials.

EA (wt. %) XPS (at. %) Seer Sheet
Sample > 1y  resistance
C H 0] N 0] N (m“g™) (@ sqY)
PANI 650 39 214 97 96 8.2 35 6.22 x 107
TRGO-400 808 1.0 180 0.2 10.1 - 494 3.20 x 10°
TRGO-700 903 15 81 01 51 - 523 2.37 x 10*
PANI/TRGO-400 743 26 175 56 87 35 131 1.86 x 10°
PANI/TRGO-700 80.0 27 117 56 6.1 25 143 9.84 x 10*

Considering the starting TRGOs and according to previously reported results, TRGO-700 has a
lower oxygen content than TRGO-400 (8.1 vs. 18.0 wt. %, Table 1) and consequently a higher
Csp? content (66.5 vs. 55.2 at. %, Table 2), resulting from the higher reduction degree achieved by
applying a higher temperature during thermal treatment [18]. The incorporation of PANI chains
into the graphene materials leads to composites with a remarkable increase in the total nitrogen
content, reaching 5.6 wt. % for both composites (Table 1). However, the surface nitrogen
concentration of PANI/TRGO-400, as determined by XPS, is significantly higher than that of
PANI/TRGO-700 (3.5 vs. 2.5 at. %, Table 1). This finding also corroborates that PANI/TRGO-
700 has a more significant incorporation of polymer chains between the graphene layers than
PANI/TRGO-400, where PANI is mostly located on the surface of the graphene sheets (see Figure
1). Following the results obtained from the elemental and XPS analyses (Table 1), the oxygen
content in PANI/TRGO-700 is significantly lower than PANI/TRGO-400 (11.7 vs. 17.5 wt. %, 6.1

vs. 8.7 at. %), which is related to the higher degree of reduction of TRGO-700. Figure 2 shows the

11
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deconvoluted C1s and N1s high-resolution core-level XPS spectra of the composite materials. The
XPS spectra of PANI and the TRGOs are available in the Supporting Information (Figure S2). The
C1s core level spectra of the composites were deconvoluted into five components, which are
attributed to graphitic sp?-carbon (C=C, 284.5 eV), C-N bonding (C-N, 285.6 eV), hydroxyl and
epoxy groups (C-0O, 286.5 eV), carbonyl (C=0, 287.6 eV) and carboxylic groups (COOH, 289.0

eV) [39].

294 292 290 288 286 284 282 294 292 290 288 286 284 282
Binding energy [eV] Binding energy [eV]

404 402 400 398 396 404 402 400 398 396
Binding energy [eV] Binding energy [eV]

Figure 2. Deconvolution of the (a, b) Cls core-level XPS spectra of PANI/TRGO-400 and
PANI/TRGO-700, respectively, and (c, d) N1s core-level XPS spectra of PANI/TRGO-400 and

PANI/TRGO-700, respectively.

As follows from the XPS results, hydrothermal treatment of the TRGOs in the presence of PANI

leads to a significant decrease in the Csp? content and, consequently, to more Csp®C-N in the

12
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composites. This is the result of the incorporation of conductive polymer into the composite
materials. In any case, the Csp? content in PANI/TRGO-700 is still higher than that in
PANI/TRGO-400 (56.4 vs. 50.9 at. %, Table 2). Additionally, PANI/TRGO-700 has slightly
higher amounts of both hydroxylic and carboxylic functional groups, which can have a positive
impact on its electrochemical performance for DA detection [16]. The N1s core level spectra of
the composites were deconvoluted into four components corresponding to imine (-N=, 398.2 eV),
amine (-NH-, 399.5 eV), positively charged amine-derived nitrogen species (-NH*-, 400.8 eV) and
protonated imine (-N*, 402.5 eV) [39]. Moreover, according to the literature, the degree of
protonation is highly related to the electrical conductivity of a material [40]. The degree of
protonation is higher for PANI/TRGO-700 (20.0 vs. 11.4%), which may positively contribute to
its behavior as a sensing platform for DA [41].

The above mentioned results are in agreement with the sheet resistance measurements carried out
on the films obtained from both the starting and composite materials. According to the data
summarized in Table 1, TRGO-700 shows a lower value than TRGO-400 (2.37 x 10* vs 3.20 x 10°
Q sq?) as a result of the better restoration of the Csp? network at the higher temperature.
PANI/TRGO-700 presents a higher sheet resistance value than the starting material TRGO-700,
which is due to the incorporation of PANI. However, this composite exhibits a lower resistance
than PANI/TRGO-400 (9.84 x 10* vs. 1.86 x10° Q sq?, Table 1), thus indicating that this

composite is a more suitable active electrode material for DA detection.

13



Journal Pre-proof

Table 2. Results of Cls and N1s spectra deconvolution (at. %)

SAMPLE C1s peak deconvolution N1s peak deconvolution Ps
Csp? Csp’/C-N C-OH C=0 O0=C-OH -N= -NH- -NH* =N* %
PANI 43.1 21.2 7.0 4.7 4.2 02 58 1.8 02 250
TRGO-400 55.2 7.4 126 34 11.3 - - - - -
TRGO-700 66.5 9.1 7.6 4.3 7.4 - - - - -
PANI/TRGO-400 50.9 17.1 7.1 7.4 5.3 01 30 0.3 01 114
PANI/TRGO-700 56.4 17.5 8.9 3.0 5.6 01 19 0.5 - 20.0

Ps—degree of protonation calculated as the ratio of protonated nitrogen groups to the total nitrogen
content.
3.2 Electrochemical behavior of the PANI/TRGO composite materials for DA detection
3.2.1. Preliminary characterization of the PANI/TRGO composites
Cyclic voltammetry (CV) experiments were carried out to obtain preliminary information about
the electrochemical performance of composites and their starting components for DA detection.
Figure 3a shows cyclic voltammograms (CVs) recorded on bare and modified GCEs in PBS

solution (pH 7.0) containing 100 uM DA at a scan rate of 100 mV s,

200 500

- - b
[ reco-100 a —TrGo-400
P AnTRG0-400 400 TP anirreo-400
1 00 _—PANUTRGO»?DD [~ PANI/TRGO-700
300
< -
3 o z, 200
< 100+
-100 0 o
200 -100+ | 80 120 7 1 2
06 -03 00 03 06 09 200 400 600 800
E V] z
|} R, — electrolyte resistance
A T— Ca ¢+ R —charge transfer resistance
Rep I e, WYY Cq — double layer capacitance
Ret W W — Warburg resistance
C

14
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Figure 3. CVs recorded on the bare and modified GCEs in a 0.1 M PBS (pH 7.0) solution
containing 100.0 pM DA at a scan rate of 100 mV s™' (a). Nyquist plots recorded on the bare and
modified GCEs in PBS (pH=7.0) solution containing 10 mM [Fe(CN)6]*>7* at a formal potential
of 0.27 V and a frequency range of 0.1-10°> kHz (b). The inset shows an expanded view of the
high-frequency region of the Nyquist plots. The selected equivalent circuit is shown below the

plots to fit the impedance data.

The bare GCE and GCE after modification with PANI displayed negligible electrochemical
responses for DA redox processes [2]. However, when using TRGOs as active electrode materials,
the performance of both electrodes significantly improve, showing well-developed anodic and
cathodic peaks related to the dopamine/o-dopaminoquinone and
leucodopaminochrome/dopaminochrome redox pairs, respectively [41]. Even though significant
DA oxidation currents of 31.3 and 58.5 pA are measured (Figure S3) on the GCEs modified with
TRGO-400 and TRGO-700, respectively, there is also a significant contribution in capacitive
currents, which is related to the developed surface area of both graphene materials (SBET ~500
m? g, Table 1). According to our previous results, the capacitive current contribution can
negatively impact on the electrochemical performance of sensors [16,20]. In this context, the
modification of a GCE with the composite materials shows markedly enhanced electrochemical
behavior. On both composite-based electrodes, the capacitive currents significantly decrease, in
agreement with their lower specific surface areas (131 and 143 m? g* for PANI/TRGO-400 and
PANI/TRGO-700, respectively). Furthermore, anodic peaks related to DA oxidation are well
developed for both composite materials (oxidation currents of 21.9 and 13.4 pA for PANI/TRGO-
400 and PANI/TRGO-700, respectively); however, there is a lower overpotential in the case of

PANI/TRGO-700 (217.4 vs. 245.3 mV).

15
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EIS measurements were carried out to gain insight into the electron transfer behavior of the
modified GCEs during testing. Figure 3b shows the Nyquist plots recorded on the different
electrodes using [Fe(CN)6]*7*" as the redox probe. Moreover, the equivalent circuit selected to fit
the impedance data summarized in Table 3 is also shown. According to reported studies, the
diameter of the semicircle developed in the high frequency range is proportional to the charge
transfer resistance (Rct) of the electrode [42]. On the bare GCE, a well-shaped semicircle was
developed, corresponding to a very high Ret value of 270 Q. After modification with PANI, the
radius significantly decreases according to the conductive properties of the polymer. However, the
decrease is more pronounced after modifying the GCE with TRGOs and PANI/TRGOs (Table 3),
indicating the lower charge transfer resistance of these electrodes. As expected, the values
calculated for the composite materials are slightly higher than those corresponding to the starting
TRGOs due to the incorporation of PANI in the graphene materials. PANI/TRGO-700 exhibits a
lower Rt value than PANI/TRGO-400, confirming the previous CV data and the calculated degree
of protonation (Table 2).

Table 3. Impedance data measured for the bare and modified GCE electrodes

Electrode material Ret (Q)
GCE 270.1
PANI 113.6
TRGO-400 15.78
TRGO-700 10.61
PANI/TRGO-400 21.35
PANI/TRGO-700 17.56

16
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3.2.2. Determination of the optimum pH values and kinetics of the DA anodic process
on composite-based electrodes
With the aim of obtaining better electrochemical performance of composite-based sensors for DA
detection, the pH of the supporting PBS solution is a key parameter to be optimized [43]. The
influence of solution pH on DA oxidation was investigated using CV measurements at pH values
ranging from 5.8 to 8.0 (Figure 4a and b). Figure S4 shows the baseline corrected CVs that were
used to measure the DA oxidation currents. Furthermore, the impact of pH on both the anodic peak

potentials and their associated currents was demonstrated (Figure 4c-d).
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Figure 4. CVs recorded (0scan = 100 mV s™) at increasing pH values on GCEs modified with the
composites (a) PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution containing 100
uM of DA. Influence of the selected pH on the oxidation current and peak potential values on

GCEs modified with (¢c) PANI/TRGO-400 and (d) PANI/TRGO-700.

Both PANI/TRGO-400 and PANI/TRGO-700 exhibit an optimized pH of 7.0 (very close to the
physiological pH). This value was selected in the search for a compromise between the
overpotentials and anodic currents measured when evaluating DA oxidation on the two
composites. It is important to note that PANI/TRGO-700, showing a lower oxidation peak
potential value (200.4 vs. 225.3 mV for PANI/TRGO-400) which is related to its lower oxygen
content, also displays a lower anodic current corresponding to DA oxidation (14.0 vs. 43.2 pA for
PANI/TRGO-400). However, as previously stated, the lower capacitive currents recorded on
PANI/TRGO-700 can have a positive influence on its subsequent electrochemical performance for

DA sensing.
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Figure 5. CVs recorded on GCEs modified with the composites (a) PANI/TRGO-400 and (b)
PANI/TRGO-700 at increasing scan rates in 0.1 M PBS (pH = 7.0) containing 100 uM of DA.
Relation between the DA oxidation current and square root of the vscan for (c) PANI/TRGO-400

and (d) PANI/TRGO-700.

To determine the mechanism that mainly controls the kinetics of DA oxidation, the influence of
the scan rate on the anodic redox process was investigated by CV in the range of 2-250 mV s
(Figure 5a and b). According to the obtained CVs, the oxidation peak potentials and currents
increase for both electrodes when increasing the scan rate. However, more defined peaks and lower

capacitive currents are measured with the PANI/TRGO-700 electrode. Figure 5¢ and d illustrate
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the linear relation between the oxidation currents (Figure S5) and square root of the scan rate, thus
confirming diffusion as the main mechanism influencing DA oxidation on both electrodes [44].
These results indicate the suitability of the synthesized composite materials as electrochemical
platforms for DA sensing.
3.2.3. Calibration curves, LOD values, linear ranges and sensitivity of the
PANI/TRGO-based sensors
To carry out the calibration of the PANI/TRGO composites for DA sensing, DPV experiments
were performed, as this electrochemical technique is highly suitable for measuring faradaic
currents related to redox reactions [45]. Figure 6a—b presents the baseline-corrected DPVs and the
related calibration curves recorded on the GCEs modified with PANI/TRGO-400 and

PANI/TRGO-700, respectively.
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Figure 6. Baseline-corrected DPVs recorded on GCEs modified with the composites (a)
PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution (pH 7.0) containing increasing

DA concentrations. Insets show the related calibration curves.

According to the obtained results, the anodic currents related to DA oxidation increase linearly on

both electrodes with increasing concentrations of the target analyte. The correlation coefficients
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(R?) of the corresponding calibration curves are 0.980 and 0.987 for PANI/TRGO-400 and
PANI/TRGO-700, respectively, corroborating the suitability of the estimated operational
parameters. The LOD values for the two sensors under evaluation (signal-to-noise ratio, S/N = 3)
were calculated according to the following equation:
LOD =3S/b

where S is the standard deviation of the blank sample and b is the slope of the related calibration
curve. Table 4 compares the LOD values, linear ranges and sensitivities calculated for the
synthesized composite materials with similar previously reported active electrode materials.
Table 4. Operational parameters of the graphene materials and their binary composite-based

sensors for DA sensing

Active electrode LOD LR Sensitivity

material [M] [uM]  [uApmi]  Reference
N-rGO-180-8 630 2.5-100 2.22 [16]
PANI-GO 500 2-18 2.00 [19]
Ag-rGO 1000 10-70 0.11 [46]
N-rGO/MnO 3000 10-180 0.09 [47]
N-rGO/PEI* 500 1-130 0.06 [48]
N-rGO 930 120-220 - [49]
PPy-rGO 1 0.01-10 6.33 [50]
PANI/TRGO-400 701 0.5-30 3.63 This work
PANI/TRGO-700 430 0.8-20 6.71 This work

*N-rGO/polyethyieneimine

The sensing parameters of the two proposed composites for DA detection are in the same range or
even improved in comparison to previously reported parameters. Moreover, the PANI/TRGO
composites exhibit excellent sensitivities at desirable linear ranges, maintaining low LOD values
and confirming their remarkable electrochemical performance as active sensing materials.
Furthermore, PANI/TRGO-700 shows better sensing parameters than PANI/TRGO-400,
presenting a markedly lower LOD value (430 vs. 701 nm) and a significantly higher sensitivity

(6.71 vs. 3.63 HA uM™). Its lower LOD is the result of its higher Csp? content and greater degree
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of protonation. Both factors positively influence the electrical conductivity of the sensor. Even
with a lower oxygen content, the appropriate amount and type of surface oxygen groups may be
enough to facilitate the attraction of cationic DA towards the electrode/electrolyte interface,
enhancing the sensitivity of the sensor. The obtained DPV results corroborate the importance of
tailoring the oxygen content and electrical conductivity of the active electrode materials. This has
been achieved through the fabrication of PANI/TRGO composites by hydrothermal treatment.
These materials combine the suitable physicochemical properties of TRGOs, obtained at optimized
temperatures, and the introduction of PANI into the graphene-based structure.

3.2.4. Selectivity of the composite-based sensors for DA detection in the presence of

different interferents
The selectivity of the composite materials PANI/TRGO-400 and PANI/TRGO-700 for DA
detection was evaluated by means of DPV experiments at increasing DA concentrations while
maintaining fixed concentrations of AA and UA (300 pM). These commonly investigated
interfering species have been selected as they both experience anodic processes at potential values
close to those related to DA oxidation, thus influencing the analytical results [9]. Figure 7 presents

the corresponding baseline-corrected DPVs.
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Figure 7. Baseline-corrected DPVs recorded on GCEs modified with the composites (a)
PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution (pH 7.0) containing increasing

DA concentrations, 300 uM AA and 300 uM UA. The insets show the related calibration curves.

As shown in Figure 7, when both composites are used as active electrode materials, clearly and
properly resolved anodic peaks attributed to DA oxidation (at 219 and 209 mV for PANI/TRGO-
400 and PANI/TRGO-700, respectively) are developed. Furthermore, anodic peaks related to UA
oxidation are observed on both electrodes (at 369 and 344 mV for PANI/TRGO-400 and
PANI/TRGO-700, respectively). A decrease in the linear range, as in the case of the PANI/TRGO-
400 composite, is due to attraction of the anionic UA form by the oppositely charged nitrogen
groups, which mainly covers the outer surface of the graphene layers [2]. The intensity of the UA
anodic peak is also higher on this electrode. In addition, no peaks related to redox processes
corresponding to AA are observed on either of the two electrodes. This fact, together with the
decreased signal of UA when increasing the DA concentration, can be explained by the enhanced
attraction of cationic DA to the electrode/electrolyte interface due to the presence of
electronegative oxygen functional groups on the surface of the active materials [16]. Even though
both sensors based on PANI/TRGO can clearly distinguish the voltammetric responses of the two
electrochemically active compounds, the use of PANI/TRGO-700 as active material enhances its
electrochemical performance for DA detection. The LOD value calculated for the solution
containing DA, UA and AA is significantly lower on the PANI/TRGO-700 electrode than that on
the PANI/TRGO-400 electrode (672 vs. 1150 nM). Furthermore, the sensitivity of PANI/TRGO-
700 decreases to 62% of its initial value (4.15 vs. 6.71 pA uM™), while PANI/TRGO-400 exhibits
a decrease of 56% of its initial value (2.05 vs. 3.63 A pM™). These results strengthen the

suitability of PANI/TRGO-700 as an active electrode material for DA detection in the presence of
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AA and UA due to its appropriate combination of surface chemistry and electrical conductivity.
In addition, to further investigate the impact of other substances coexisting in the urine on DA
detection, glucose (100 uM), NaCl (1100 uM), KCI (600 uM) and creatinine (80 puM), were also
investigated as interfering species (Figure S6, Supporting Information). The concentrations of
these interferents were selected according to their real concentrations in the human urine. After
carrying out the corresponding DPV measurements, the electrochemical performance of the
sensors under evaluation resulted comparable in terms of linear ranges to that showed without any
interferences. The LOD values for DA detection were 933 and 459 nM for PANI/TRGO-400 and
PANI/TRGO-700, respectively. Moreover, both composites-based sensors maintained 62 and 83%
of their sensitivity, respectively. The absence of peaks related to the evaluated interfering
substances confirms the very promising suitability of the sensors developed for real sample

analysis.

3.2.5 Reproducibility, repeatability and stability of the PANI/TRGO-based sensors

for DA detection
The reproducibility of the composite-based sensors was evaluated on five different electrodes. The
relative standard deviation (RSD) of the DA anodic signal is 6.6 and 4.0% for PANI/TRGO-400
and PANI/TRGO-700. The repeatability is determined by measuring the anodic signal of five
independent solutions containing 100 uM DA. The RSD is 5.5 and 1.0% for PANI/TRGO-400
and PANI/TRGO-700. The stability is determined by measuring the DA oxidation peak every day
and then performing control measurements after 30 days (Figure 8). After 7 days, the DA oxidation
signal decreases to 78.3 and 80.4% on PANI/TRGO-400 and PANI/TRGO-700, respectively.

After 30 days, the response maintains almost the same value that was recorded on the 7th day (84.1
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and 82.5% for PANI/TRGO-400 and PANI/TRGO-700). The obtained results demonstrate a
remarkable PANI/TRGO-based sensor performance, showing the significantly better
electrochemical behavior of PANI/TRGO-700 as a GCE modifier, and confirming the positive

influence of its physicochemical properties on the sensor performance for DA detection.
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Figure 8. Long-term stability of the PANI/TRGO composites in 100 uM DA (PBS 7.0).

4. Conclusions
In this paper, the performance of PANI/TRGO composites as active electrode materials for DA
detection was shown. The significant impact of the degree of reduction of the starting TRGO was
revealed. A more homogenous distribution of PANI was achieved for the composite obtained with
TRGO-700, which was attributed to its higher exfoliation degree compared to TRGO-400.
Furthermore, using thermal reduction as the first step of the synthesis process enabled tailoring the
oxygen content in the final composite, which was key for maintaining an appropriate balance
between the electrical conductivity and the affinity of the cationic DA to the electrode/electrolyte
interface. Due to its suitable properties, the use of PANI/TRGO-700 as active electrode material
allowed to achieve a low dopamine LOD value (430 nM), in a linear range between 0.8 - 20 uM,

and an outstanding sensitivity (6.71 pA uM?). Moreover, linking the graphene material and PANI
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had a positive influence on the long-term stability of the electrochemical performance of the
composite, maintaining 80% of the initial oxidation signal after 30 days. The excellent
performance of the PANI/TRGO-based GCE for dopamine detection encourages the development
of new TRGO-containing active materials for the detection of different analytes.
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(Figure S1) XRD patterns of PANI/TRGO-400 and PANI/TRGO-700; (Figure S2) Deconvolution
of the (a) Nls and (b,c,d) Cls core-level XPS spectra of the starting materials; (Figure S3)
Baseline-corrected DA oxidation peaks recorded by CV on the bare and modified GCE electrodes
in 0.1 M PBS (pH 7.0) containing 100 uM of DA at a scan rate of 100 mV s™'; (Figure S4) Baseline-
corrected DA oxidation peaks recorded by CV on the GCEs modified with composite materials in
0.1 M PBS at increasing pH values containing 100 uM of DA at a scan rate of 100 mV s™!; (Figure
S5) Baseline-corrected DA oxidation peaks recorded by CV on the composites-modified GCE in
0.1 M PBS (at optimal pH 7.0) containing 100 uM of DA at increasing scan rate (ranging from 2
to 250 mV s); (Figure S6) Baseline-corrected DPVs recorded on GCEs modified with the
composites (a) PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution (pH 7.0)
containing increasing DA concentrations, 800 uM creatinine, 1000 uM glucose, 600 uM KCI and

1100 uM NacCl. The insets show the related calibration curves.
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Figure 1. SEM images of (a) PANI, (b) TRGO-400, (¢) TRGO-700, (d) PANI/TRGO-400 and (¢)

PANI/TRGO-700.

Figure 2. Deconvolution of the (a, b) Cls core-level XPS spectra of PANI/TRGO-400 and
PANI/TRGO-700, respectively, and (c, d) N1s core-level XPS spectra of PANI/TRGO-400 and

PANI/TRGO-700, respectively.

Figure 3. CVs recorded on the bare and modified GCEs in a 0.1 M PBS (pH 7.0) solution
containing 100.0 pM DA at a scan rate of 100 mVs™! (a). Nyquist plots recorded on the bare and
modified GCEs in PBS (pH=7.0) solution containing 10 mM [Fe(CN)6]*>7* at a formal potential
of 0.27 V and a frequency range of 0.1-10° kHz (b). The inset shows an expanded view of the
high-frequency region of the Nyquist plots. The selected equivalent circuit is shown below the

plots to fit the impedance data.

Figure 4. CVs recorded (vscan = 100 mVs™) at increasing pH values on GCEs modified with the
composites (a) PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution containing 100
uM of DA. Influence of the selected pH on the oxidation current and peak potential values on

GCEs modified with (¢) PANI/TRGO-400 and (d) PANI/TRGO-700.

Figure 5. CVs recorded on GCEs modified with the composites (a) PANI/TRGO-400 and (b)
PANI/TRGO-700 at increasing scan rates in 0.1 M PBS (pH = 7.0) containing 100 uM of DA.
Relation between the DA oxidation current and square root of the vscan for (¢) PANI/TRGO-400

and (d) PANI/TRGO-700.

Figure 6. Baseline-corrected DPVs recorded on GCEs modified with the composites (a)
PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution (pH 7.0) containing increasing

DA concentrations. Insets show the related calibration curves.
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Figure 7. Baseline-corrected DPVs recorded on GCEs modified with the composites (a)
PANI/TRGO-400 and (b) PANI/TRGO-700 in 0.1 M PBS solution (pH 7.0) containing increasing

DA concentrations, 300 uM AA and 300 uM UA. The insets show the related calibration curves.
Figure 8. Long-term stability of the PANI/TRGO composites in 100 uM DA (PBS 7.0).

Table 1. Characteristics of the starting and composite materials.

Table 2. Results of Cls and N1s spectra deconvolution (at. %)

Table 3. Impedance data measured for the bare and modified GCE electrodes

Table 4. Operational parameters of the graphene materials and their binary composite-based

sensors for DA sensing
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