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Abstract: Two graphene samples co-doped with nitrogen and sulfur were synthesized by the hy-
drothermal method using thiourea as doping and reducing agent for graphene oxide (GO). An
appropriate amount of thiourea was added to the aqueous dispersion of GO, previously sonicated
for 30 min. The mixture was poured into an autoclave and placed in the oven for 3 h, at 120 and
200 °C. The samples were denoted NSGr-120 and NSGr-200, respectively, in agreement with the
reaction temperatures. They were next morphologically and structurally characterized by advanced
techniques, such as SEM/TEM, XPS, XRD, and FTIR. According to XPS analysis, the NSGr-120
sample has higher amounts of heteroatoms in comparison with NSGr-200, indicating that the reaction
temperature is a crucial factor that affects the doping degree. In order to reveal the influence of the
doping degree on the electrochemical performances of graphene-modified electrodes, they were
tested in solutions containing L-cysteine molecules. The electrode with the best electrocatalytic
performances, GC/NSGr-120, was tested to detect L-cysteine in a pharmaceutical drug, proving its
applicability in real sample analysis.

Keywords: co-doped graphene; graphene-modified electrodes; L-cysteine detection

1. Introduction

L-cysteine (Cys), a thiol-containing amino acid existent in proteins, cells, and biological
tissues, possesses essential physiological functions in neuronal tissues, metabolism, and
detoxification [1]. Abnormal levels of Cys are implicated in a series of human diseases
such as growth retardation, neurotoxic effect, Alzheimer’s disease, and coronary heart
disease [2,3]; thus, Cys has been acknowledged as one of the most important biomarkers in
early diagnosis and treatment as well as the monitoring of the stage of diseases [4]. Various
methods such as high-performance liquid chromatography [5], capillary electrophoresis [6],
and gas chromatography—mass spectrometry [7] have been used to detect L-cysteine.
Among various detection techniques, the electrochemical sensors offer many advantages,
such as high sensitivity, low cost, easy operation, and miniaturization [8].

Because the direct oxidation of Cys at ordinary electrodes is usually slow and requires
high over-potential, an appropriate electron transfer mediator for fast and low-potential
electrochemical determination is very important and still challenging. A variety of materi-
als, including polymers [9], metal nanomaterials [10], 2D transition metal carbides [11], and
carbon-based materials [12], have been investigated for the electrochemical detection of
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Cys. Even if these modifiers improve the performance in Cys determination, there are still
disadvantages, such as poor detection limit and sensitivity, limited detection range, or high
over-potential [13]. For these reasons, finding new materials for electrochemical detection
of Cys has been a permanent effort, which has recently turned to graphene because of its
good chemical and thermal stability [14]. Moreover, doping of graphene with heteroatoms
(such as B, N, P, S, I, Br, Cl, and F) modifies its electronic and chemical properties which
are adapted for the construction of cost-effective sensors with practical utility [15]. Fur-
thermore, co-doping of nitrogen and sulfur into graphene has been confirmed to be an
effective approach to substantially promote the electrocatalytic activity due to the unique
electronic structures of S and N atoms that can induce the redistribution of spin and charge
densities [16]. For example, NSGr provides a better electrocatalytic performance for oxygen
reduction reaction [17,18], dye-sensitized solar cells [19,20], and lithium-ion batteries [21].
Nitrogen and sulfur co-doped graphene has been less studied for electrochemical sensing.
However, the few sensors based on nitrogen and sulfur co-doped graphene displayed good
sensing performances for hydrogen peroxide and glucose [22], europium ions [23], toxic
organic pollutants (aniline, p-phenylenediamine, and nitrobenzene) [24], or hydroquinone
and catechol [25] detection. To the best of our knowledge, no paper has been published
about L-cysteine determination using nitrogen and sulfur co-doped graphene.

In this paper, a rapid, one-step, and low-cost solvothermal approach was employed to
synthesize nitrogen and sulfur co-doped graphene (NSGr). The morphology and structure
of the samples prepared at different temperatures (120 or 200 °C) were characterized in
detail. They were then evaluated as electrode materials for the sensitive detection of
L-cysteine in laboratory solutions and in real samples.

2. Materials and Methods
2.1. Materials

All reagents were of analytical grade and used without further purification. Thiourea
was purchased from Roth (Karlsruhe, Germany), K4[Fe(CN)4] was purchased from Sigma-
Aldrich (Darmstadt, Germany), KCl and L-cysteine were purchased from Alfa-Aesar
(Kandel, Germany). N,N-Dimethylformamide (DMF) was purchased from Sigma-Aldrich
(Darmstadt, Germany) and was used for the dispersion of each graphene sample.

2.2. Synthesis and Characterization of N and S Co-doped Graphene Samples

Graphene oxide (GO) was prepared using a modified Hummers method as previously
reported [26]. Nitrogen and sulfur co-doped graphene samples were synthesized by the
hydrothermal method using thiourea as doping and reducing agent for GO. Typically, an
appropriate amount of thiourea (700 mg) was added to 150 mL aqueous dispersion of
GO (700 mg), previously sonicated for 30 min. The mixture was poured into a 250 mL
autoclave and placed in the oven at different temperatures (120 and 200 °C, respectively)
for 3 h. After cooling to room temperature, each sample was filtered, washed with distilled
water, and dried by lyophilization. The samples were denoted NSGr-120 and NSGr-200, in
agreement with the reaction temperature.

2.3. Characterization Methods

The morphological characteristics of the prepared samples were examined through
scanning and transmission electron microscopy (SEM/TEM), using the SEM Hitachi
SU8230, operated at 30 kV (Hitachi, Tokyo, Japan). To establish the thickness and dis-
tribution of the graphene layers, the samples were dispersed in pure ethanol, sonicated for
1 min, dispersed on the surface of 200 mesh Ni grids, and examined through TEM.

NSGr-120 and NSGr-200 samples were further characterized by XPS (SPECS spec-
trometer, equipped with a dual-anode X-ray source Al/Mg, a PHOIBOS 150 2DCCD
hemispherical energy analyzer and a multi-channeltron detector, Berlin, Germany), XRD
(Bruker D8 Advance diffractometer, Karlsruhe, Germany), and Raman spectroscopy (us-
ing the NTEGRA Spectra platform, placed on a NEWPORT RS54000 optical table with a
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vibration isolation system and equipped with a SOLAR TII confocal Raman spectrometer
coupled with an Olympus IX71 microscope in two different configurations). Detection
was achieved with a CCD camera (NT-MDT; Moscow, Russia). FTIR measurements were
recorded with a Bruker Tensor II spectrometer (Ettlingen, Germany).

2.4. Electrochemical Studies

Electrochemical measurements (cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and amperometric measurements were recorded with an Autolab
PGSTAT-302N (Metrohm Autolab B.V., Utrecht, the Netherlands) potentiostat/galvanostat
instrument. All measurements were conducted in an electrochemical cell containing
three electrodes: the working electrode, a glassy carbon (GC) electrode modified with the
prepared graphene samples; the counter electrode, a large-area platinum foil (2 cm?); and
the reference electrode, an Ag/AgCl electrode (3M KCl). The bare working electrode had a
diameter of 3 mm. A volume of 10 pL from each graphene sample previously dispersed
in DMF (2 mg/mL) was drop-casted on GC electrodes. After modification, the electrodes
were left to dry at room temperature for 24 h. After that, they were ready to be used in
electrochemical studies.

3. Results and Discussions
3.1. Synthesis and Characterization of the NSGr Samples

The morphology of NSGr-120 and NSGr-200 samples was examined by SEM and TEM
techniques. In the case of the NSGr-120 sample, the graphene flakes are relatively compact
and uniformly distributed over the support (Figure 1a,b). In contrast, the NSGr-200 sample
has a laxer distribution and larger flaxes, but these flakes also have a uniform distribution.
Few isolated graphene flakes can be observed in Figure 2a—d, revealing their thin and
wrinkled surfaces.

Figure 1. SEM micrographs showing the morphological aspects of the two graphene samples:
overview and detailed view of the NSGr-120 sample, indicating a more compact and a relatively
uniform distribution of the graphene flakes (a,b); overview and detailed view of the NSGr-200
sample, indicating a laxer distribution, and larger flakes compared to the first sample (c,d).
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Figure 2. SEM/TEM micrographs showing the morphological aspects of isolated graphene flakes:
NSGr-120 (a,b); NSGr-200 (c,d).

X-ray photoelectron spectroscopy was next used for quantitative and qualitative
analysis of the prepared samples. It is a surface-sensitive analysis technique that measures
the elemental composition and chemical state of a material from ~10 nm depth of the
sample. The elements present on each sample surface were identified and quantified by
acquiring survey spectra on each sample.

As shown in Figure 3, the high-energy resolution carbon spectrum was acquired and
quantified for NSGr-120 and NSGr-200 samples as follows: The core-level line at 284.4 eV
was attributed to the graphite-like sp? hybridized carbon, while the line positioned at
285.4 eV belongs to the sp® hybridized carbon of the oxidized area of graphene. The C-S
and C=S lines were identified at 286.1 and 287.16 eV, respectively. Carbon 1s core-level lines
attributed to C=N and C-N bindings are positioned at 286.53 and 287.52 eV, respectively
while carboxyl -C(=O)OH group is positioned at 288.3 eV.

Through the deconvolution of the S 2p core-level spectrum of NSGr-120, two compo-
nents were identified, indicating the presence of two types of bonding: S-C— (polysulfide
with terminal S) at 163.6 eV and -C-S-C— (polysulfide with central S) at 164.6 eV [27,28].
The situation changed in the case of the NSGr-200 sample where the total amount of
sulfur is much lower than in NSGr-120 sample. Two lines are also seen here, namely the
polysulfide with terminal S at 163.8 eV and a sulfate position at 167.0 eV.

In both samples, the N1s core-level line was quantified in four positions: pyrrolic N at
399.7 eV, pyridinic N at 398.26 eV, -NH, group at 400.82 eV, and deprotonated nitrogen
from the remained thiourea moieties at 296.7 eV. The results are seen in Figure 4. The inset
shows the deprotonated thiourea. An important observation is related to the absence of
quaternary “graphitic” nitrogen. This absence indicates that nitrogen doping is done only
on the edges or inside the defects of graphene sheets [29].

The elemental composition determined for the NSGr-120 and NSGr-200 sample sur-
faces is shown in Table 1. The most important difference between the two samples is related
to the fact that in the NSGr-120 sample the amount of sulfur is three times higher than in
the NSGr-200 sample (see Table 1).
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Figure 3. High-resolution XPS spectra of C1s and S2p with the corresponding deconvolution components for the investi-

gated samples.
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Figure 4. High-resolution XPS spectra of N1s lines of the investigated samples.
Table 1. The sample compositions as determined by XPS.
Reduced
Sample Csp2/Cispa+sp  Npyn Npyrid. _N-H, N S—C S-0 Cc-s—C
(at. %) (at.%) (at.%) (at.%) @t. %) (at.%) (at.%) (at.%)
. /0
NSGr-120 7591 2 2 0.8 1.47 9.35 - 2.35
NSGr-200 75.49 1.64 0.23 0.43 0.22 2.8 0.2 -
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Next, the XRD patterns of the NSGr samples were recorded (Figure 5). Both display a
broad peak centered at about 24°, corresponding to (002) reflections of graphene planes.
Since the peak around 24° in the NSGr-120 sample is asymmetric, it was fitted by two
theoretical Gaussian peaks. Sample NSGr-200 displayed only one peak at 26 = 24.2°. The
spacing between the graphene layers was calculated with the Bragg equation [30]:

A = 2dsin(6) @

where A is the wavelength of the X-ray beam (0.154 nm), d is the distance between two
layers, and 0 is the diffraction angle. As can be seen in Figure 5b, the diffraction peak
of NSGr-200 is at 260 = 24.26°, representing the (002) planes. The spacing between the
co-doped graphene sheets was found to be 0.366 nm.

= 2 theta Amount 1200
en 1 (degrees) D(nm)  d(nm) n (%) 2 theta (degrees) D (nm) d (nm) n
235 247 27 081 0377 0359 7 2 37 63 1000 ~ 24.2 2.06 0.366 6
h 3500
100 - l - —~ 3000 2 theta (degrees) D (nm) d (hnm) n
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Figure 5. XRD pattern and structural parameters of NSGr-120 sample (a) and NSGr-200 sample (b); Inset in (b): the

diffraction pattern of GO.

The mean crystallite size (D) for each sample was calculated using the Debye-
Scherrer equation:
KA

- Bcost

where D is the crystallite size, K is a numerical factor commonly referred to as the crystallite-
shape factor (0.9), A is the wavelength of the X-rays,  is the full-width at half-maximum of
the X-ray diffraction peak in radians, and 6 is the Bragg angle. For NSGr-200, the D value
was found to be 2.06 nm.

The average number of graphene layers (1) was obtained using Equation (3); in the
case of NSGr-200, n was found to equal 6 layers.

@

D

== @)
The structural parameters for all samples, calculated from XRD data, are presented in
Figure 5. The calculations show that there is a significant reduction in graphene layers upon
doping and reduction, from n = 11 for GO to n = 2 and 7 for NSGr-120 and # = 6 for NSGr-
200. The decrease in the number of layers as a consequence of the doping/reduction process
can be associated with the removal of functional groups and the addition of heteroatoms,
which diminish the interactions between graphene layers. The amount (%) of each type of
graphene, few-layer graphene (FLG) and multilayer graphene (MLG), for each sample was
determined from XRD, calculated as the ratio of the fitted peak area to the total area of the

diffractogram [31] (see the tables inside Figure 5).
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The degree of structural disorder within graphene oxide and nitrogen and sulfur
co-doped graphene samples was evaluated using Raman spectroscopy (Figure 6). The high
fluorescence signal of GO supports the fact that the material is highly oxidized, being in
accordance with the XRD pattern. In the nitrogen and sulfur co-doped graphene samples,
three important bands are evidenced: the defect (D) band at ~1350 cm™!, the graphite (G)
band located at ~1590 cm !, and the 2D band at ~2690 cm 1.

14000

12000
10000
=
S 8000
2
23
£ 6000
£
4000
2000
0 T T T
1000 2000 3000 4000
Raman shift (cm™)
9000 8500
1394 ——NSGr-120 1342 —— NSGr-200
8000 -
L 7500
5 g
s 1592 3 7000+
2 7000 >
g % 6500
2 S
= £
= 60004
6000 -|
2692 9935 - 3500 2680 5036
5000 : ; : ; >0 , : : :
1000 2000 3000 4000 1000 2000 3000 4000

Raman shift (cm") Raman shift (cm")

Figure 6. Raman spectrum of GO (a) and nitrogen and sulfur co-doped graphene samples: NSGr-120 (b); NSGr-200 (c).

The D + D’ band, present around 2930-2940 cm !, appears in graphene-like materials
with structural defects and is visible in all samples [32]. The Ip/Ig intensity ratio gives an
indication of the defect-free domains and is related to the in-plane crystallite size (L,) as
shown by Equation (2) [33]:

Ip) "
(&)

where E| represents the laser excitation energy (2.33 eV).

The largest L, value was obtained for GO (21.66 nm), followed by NSGr-200 (15.88 nm).
For the NSGr-120 sample, the L, value is slightly lower (15.48 nm), being in good agreement
with the higher doping level (Table 2). The higher intensity ratio (Ip/Ig) of NSGr samples
in comparison with that of GO may be ascribed to more defects generated by nitrogen and
sulfur co-doping resulting in highly disordered graphene nanosheets. These defects can
provide considerable active sites for cysteine electrochemical detection, as shown in the
next paragraphs.

FTIR spectroscopy was then used to investigate the nature of the surface groups of
the prepared samples. The corresponding spectra of GO and of the nitrogen and sulfur
co-doped samples NSGr-120 and NSGr-200 are presented in Figure 7.

560

La(nm) = = (4)
1
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Table 2. Structural parameters obtained from the Raman bands of GO, NSGr-120, and NSGr-200 samples.
Sample G (cm™)) D (cm™1) 2D (cm™1) D+D’ (cm™1) Ip/Ig L, (nm)
GO 1600 1356 - 2933 0.877 21.66
NSGr-120 1592 1354 2692 2936 1.227 15.48
NSGr-200 1586 1342 2680 2936 1.196 15.88
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Figure 7. FTIR spectra of GO (black), NSGr-120 (blue), and NSGr-200 (red).

Table 3 presents the infrared bands of GO, NSGr-120, and NSGr-200 samples. The
spectrum of GO (Figure 7 black) gave the absorption peaks of O-H at 3423 cm !, C=C at
1626 cm™1, C=0 at 1726 cm !, C-OH at 1381 cm ™}, and C-O at 1059 cm L. In the spectrum
of NSGr-120 (blue) and NSGr-200 (red), these peaks decreased or even disappeared. The
peak at ~621 cm™ is due to C-S stretching vibration. Another important feature is the
shifting of the peak at 1626 cm ™!, attributed to the in-plane vibration of C=C, to 1639 cm !
in the nitrogen and sulfur co-doped samples. This is due to the superposition of the C=C
and C=N vibrations.

Table 3. The infrared bands of GO, NSGr-120, and NSGr-200 samples.

Group Frequency (cm ) Peak Pos(i;t,ioon (em™1) Peak Il:Iossgion (cm™1) Peak Position (cm—1)
r-120 NSGr-200
O-H stretching, 35503200 (broad, s) 3423 3448 3438
C=0 stretching, 1750-1680 (s) 1726 - -
C-O stretching, 1150-1085 (s) 1059 1081 1115
C-C stetching, 16801600 () 1626 1639 1639
C-S stretching, 710-570 (w) - 624 621

A comparison with other graphene samples obtained by hydrothermal synthesis using
thiourea as reducing/doping agent is presented in Table 4. It can be seen that our samples
present a higher doping percentage in milder reaction conditions, thus reducing energy
and reagent consumption.

3.2. Electrochemical Characterization of Bare and Graphene-Modified Electrodes

The bare and graphene-modified electrodes were first electrochemically characterized
by cyclic voltammetry in a redox couple solution containing 1 mM K4[Fe(CN)¢] + 0.2 M
KCl. The potential was scanned between —0.2 and +0.65 V with a scan rate of 10 mVs~!,
and the results can be seen in Figure 8. In the case of bare GC electrode (green), the
peak potential separation (AE,) is large (~130 mV), indicating a quasi-reversible redox
process. In contrast, the GC/NSGr-120 electrode (red) exhibits well-defined anodic and
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cathodic peak currents of higher intensities and smaller AE,, (80 mV). Based on the fact
that it also has the peak current ratio (Ipa/Ipc) equal to 1, one can say that this material has
considerably improved the redox characteristics of the bare GC electrode (see also Table 5).
The electrode modified with NSGr-200 graphene sample has a small AE,, (80 mV) but
also the lowest anodic peak current, which may be attributed to the high charge-transfer

resistance (see the next paragraph).

Table 4. Comparison with other graphene samples obtained by hydrothermal synthesis.

GO: Dopant (Weight) Temperature (°C) Reaction Time (h) N, S at% Ref.
1.9 N
1:4 180 12 0485 [34]
1.86 N
1:1.75 180 12 5o [35]
352N
1:1 250 2 720 [36]
1:10 150 overnight - [37]
1:1,1:3,1:5 180 12 - [38]
120 9355
1:1 3 """  Thiswork
23N
200 2.8S
6.0x10° 4 | —— GC/NSGr-120
—— GC/NSGI-200 0.28V
4.0x10° -
0.28V
2.0x10°
ST
-2.0x10°
-4.0x10° 0.2V
T T T T
-0.2 0.0 0.4 0.6 0.8

E (V) vs Ag/AgClI

Figure 8. Cyclic voltammograms recorded with bare GC (green), GC/NSGr-200 (blue), and
GC/NSGr-120 (red) electrodes. Electrolyte: 1 mM K4[Fe(CN)4] + 0.2 M KCI; scan rate: 10 mVs— L.

Table 5. The electrochemical parameters of GC, GC/NSGr-200, and GC/NSGr-120 electrodes determined from cyclic
voltammetry (10 mVs ! scan rate). Electrolyte: 1 mM K4[Fe(CN)4] + 0.2 M KCL

/

Electrode (IAnE\I;) Ipa/Ipc (cﬁz) (EVO) (1133) (51;1;}5))
GC 130 1.06 0.025 0.245 12.5 7.6 x 1074
GC/NSGr-120 80 1.0 0.055 0.24 5.2 93 x10°*
GC/NSGr-200 80 0.97 0.037 0.24 17.5 41x 1074
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Next, other important parameters such as the charge-transfer resistance (R.t) and
the apparent heterogeneous electron transfer rate constant (Kapp) were determined from
the EIS spectra. The values were obtained after fitting the Nyquist plots (Figure 9) with
the appropriate equivalent electrical circuit. In the case of bare GC, the circuit contains
the following elements: the solution resistance (Rs), the Warburg impedance (Zy), the
charge-transfer resistance (Rct), and a constant phase element (CPE) that replaces the
double-layer capacitance (Cq;). In the case of the two graphene-modified electrodes, the
Warburg impedance was replaced with another CPE due to the increased roughness of
their surfaces [39]. After fitting, the charge-transfer resistances of the three electrodes
were determined to be: 5.2 kQ) (GC/NSGr-120), 17.5 k) (GC/NSGr-200), and 12.5 k()
(GCQ), indicating that the NSGr-120 graphene sample favored the transfer of electrons when
attached to the electrode surface.

a.
GC CPE GC/NSGr
|2 CPE1
P4 R
Rs * ® .
et Ret CPE2
20000
® GCI/NSGr-120 b. 0.1 Hz
& GC/NSGr-200
16000 -
12000
e
=
o
- 8000
N
4000
R, =5.69 kQ
0 R, =17.5kQ
1.05 Hz
T T T - r . ; . : i :
0 5000 10000 15000 20000 25000

Z' (Ohm)

Figure 9. Equivalent electrical circuits employed to fit the EIS data (a); Nyquist plots obtained for
bare GC (green), GC/NSGr-200 (blue), and GC/NSGr-120 (red) electrodes in solution containing
1.0 mM K4[Fe(CN)6] + 0.2 M KCl; applied potential: +0.3 V (b).

This correlates well with the values of the apparent heterogeneous electron transfer
rate constant (Kapp) determined from Equation (5) [40] and listed in Table 5:

RT

Kapp = ————— 5
PP 22 AR C ©)

where R is the ideal gas constant (8.314 J/(mol-K)), T is the temperature (298 K), F is the
Faraday constant (96,485 C/mol), n is the number of electrons transferred during the
redox reaction (1 = 1), A is the active area of the electrode (cm?), Rt is the charge-transfer
resistance obtained from the fitted Nyquist plots ((2), and C is the concentration of the
redox species (mol/ cmd).
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3.3. Electrochemical Detection of L-Cysteine

The electrochemical performances of bare and graphene-modified electrodes in L-
cysteine detection were next tested. Figure 10 presents the CVs recorded with bare GC
(green), GC/NSGr-120 (red), and GC/NSGr-200 (blue) electrodes in a solution containing
103 M L-cysteine (pH 6 PBS supporting electrolyte). There are marked differences between
the three electrodes, in terms of both peak potential and peak current. In the case of the
bare GC electrode, no oxidation peak was recorded, indicating that L-cysteine molecules
cannot be easily oxidized on its surface. For GC/NSGr-120 (red) and GC/NSGr-200 (blue)
electrodes, the corresponding CVs exhibit broad oxidation peaks at around +0.62 and
+0.72 V, respectively, proving the electrocatalytic effect of NS-doped graphene. As expected,
the effect is better in the case of NSGr-120 sample, which may be related to the considerably
lower charge-transfer resistance. The inset shows the CVs recorded with each electrode in
pH 6 PBS electrolyte.

-5 6.0x10°1
1.8x10 _ B =ty —— GC/NSGr-120
5 | 4.0x10" —— GC/NSGr-200
1.5x10 2 20u0°
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0.0 106_- -2.0x10°4
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. , . , .
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Figure 10. Cyclic voltammograms recorded with bare GC (green), GC/NSGr-120 (red), and
GC/NSGr-200 (blue) in solution containing 10~ M L-cysteine (pH 6 PBS supporting electrolyte).
The inset shows the CVs recorded with each electrode in pH 6 PBS electrolyte.

Next, the amperometric technique was employed to further test the L-cysteine detec-
tion performance of the electrodes. Figure 11a shows the amperometric curves recorded
with graphene-modified electrodes in pH 6 PBS after the addition of known concentrations
of L-cysteine. The corresponding calibration plots obtained after the subtraction of the
background signal are presented in Figure 11b (the mean value from three measurements).
Between the measurements, each electrode was immersed in double-distilled water for
20 min and then cycled in pH 6 PBS (50 cycles; 50 mVs™1). It is interesting to mention
that in the case of the GC/NSGr-200 electrode (blue), the plot significantly deviates from
linearity above 4 x 10~* M, and it exhibits the largest standard error. This proves a stronger
interaction between the oxidized molecules and the graphene surface [41].
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Figure 11. Amperometric curves recorded with GC/NSGr-120 (red) and GC/NSGr-200 (blue)
electrodes in pH 6 PBS supporting electrolyte, after the addition of known concentrations of L-cysteine

(a). The corresponding calibration plots showing mean value from 3 measurements: GC/NSGr-120
(red); GC/NSGr-200 (blue) (b).

Based on the XPS results, the relative contents of the pyrrolic and pyridinic N compo-
nents were equal in the NSGr-120 sample, while in NSGr-200, pyrrolic N was predominant
(1.64 at% Npy,y. and only 0.23 at% Npyrig-) (see Table 1). Taking into account that GC/NSGr-
120 is the electrode with the best electro-catalytic performance, we can conclude that the
proper ratio between nitrogen atom types is necessary for obtaining high electrochemical
performance for L-cysteine detection. Moreover, the deconvolution of S2p XPS high-
resolution spectra of the analyzed samples shows that the chemical bonding identified
for the NSGr-120 sample is C-S and C-S5-C, while the chemical bonds of type C-5-C are
no longer present for the NSGr-200 sample. For the NSGr-200 sample, chemical bonds of
type S-O appear at the sample surface. Despite that, the synergistic effect between N and S
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in the samples needs to be further examined in order to obtain a deeper insight into the
applicability of NSGr as active material in L-cysteine electrochemical detection.

The lowest limit of detection (LOD) was obtained for the GC/NSGr-120 electrode
(3.03 x 10~8 M), followed by the GC/NSGr-200 electrode (1.2 x 10~7 M). The sensi-
tivity and the linear range followed the same trend: for the GC/NSGr-120 electrode,
y=1.15 x 1077 + 0.021 x C for the linear range of 1 x 10~7 to 4 x 10~* M; for the GC/NSGr-
200 electrode, y = 1.48 x 10=7 + 0.01 x C for the linear range of 4 x 1077 to4 x 10™* M.

The electrode with the best electrocatalytic performances, GC/NSGr-120, was next
tested for its ability to detect L-cysteine in a commercially available drug (500 mg L-
cysteine/tablet; SOLARAY). The tablet also contained vegetal cellulose and organic ex-
tract from rice. To 6.99 mL of pH 6 PBS, a volume of 10 pL from the commercial tablet
(1.82 x 10~* M) was added, and then known concentrations of L-cysteine were added
(three additions of 100 uL of 10~2 M L-cysteine; Figure 12a). The generated signals were
recorded for each concentration by chronoamperometry, at a potential of +0.62 V. From the
obtained calibration curve (Figure 12b), the L-cysteine concentration from the commercial
tablet was found to be 4.2 x 107> M, giving a recovery of 106.8%.
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Figure 12. The amperogram recorded during standard addition experiment at a potential of +0.62 V
(a); standard addition plot obtained from the amperogram (b).
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4. Conclusions

In conclusion, the solvothermal approach was employed to synthesize nitrogen and
sulfur co-doped graphene samples (NSGr). The morphology and structure of the samples
prepared at different temperatures (120 or 200 °C) were characterized in detail. After that,
two glassy carbon electrodes modified with the synthesized materials were electrochemi-
cally tested, and some important parameters such as the charge-transfer resistance (R)
and the apparent heterogeneous electron transfer rate constant (K,pp) were determined
from the EIS spectra. The values were calculated after fitting the Nyquist plots with the
appropriate equivalent electrical circuit. The charge-transfer resistances of the bare and
graphene-modified electrodes were determined to be 5.2 kQ) (GC/NSGr-120), 17.5 kQ)
(GC/NSGr-200), and 12.5 kQ) (GC), indicating that the NSGr-120 graphene sample favored
the transfer of electrons when attached to the electrode surface. Based on such information,
the performance of the modified electrodes in the sensitive detection of L-cysteine was
tested in laboratory solutions and in real samples.
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