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Graphene oxide (GO) was synthesised from graphite powders of two differ-
ent particle sizes (<50 and >149-<840 um) using the Hummers’ method
and subsequently reduced by thermal shock at 800°C to obtain reduced
graphene oxide (rGO). The obtained samples, denoted rGO_1 (from small-
er graphite particles) and rGO_2 (from larger graphite flakes), were inves-
tigated to evaluate the influence of precursor size on their physicochemical
properties and electrochemical performance. Structural characterisation
was carried out by X-ray photoelectron spectroscopy, Raman spectroscopy,
X-ray diffraction, scanning electron microscopy and nitrogen adsorption—
desorption analysis. The results confirmed the removal of oxygen-contain-
ing groups after thermal reduction and indicated differences in crystallite
domains and defect density depending on the size of the graphite precursor.
Electrochemical measurements demonstrated that both samples were able
to detect dopamine (DA). The electrodes showed linear DA detection in
a concentration range of 1-19.96 uM, with detection limits of 61.55 nM for
rGO_1 and 98.17 nM for rGO_2. Sensitivities were determined as 6.44 and
12.20 yA pM™" cm?, respectively. Our results suggest that the properties of
rGO can be tailored by controlling the size of the graphite precursor, which
may provide new opportunities for the design of rGO-based electrochemi-
cal sensors.

Keywords: reduced graphene oxide, graphite particle size, dopamine de-
tection, electrochemical sensors

INTRODUCTION

tunable physicochemical properties and improve
the material’s suitability for further functionalisa-

Graphene oxide (GO) has attracted a significant at-
tention in recent years due to its unique structural
and chemical properties derived from its layered
graphene framework enriched with oxygen-con-
taining functional groups. These groups provide
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tion. GO is typically synthesised from graphite by
oxidation, and its physicochemical properties can
be tuned by parameters such as the size of the pre-
cursor graphite flakes. Additional modification can
be achieved through thermal reduction to reduced
graphene oxide (rGO), a process that partially re-
stores the graphene lattice while altering the surface
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chemistry []. These graphene-based materials
have shown a great promise in various applications,
such as energy storage [E], electronic and optoelec-
tronic devices [E], catalysis [E, ﬂ], environmental
protection [{], as well as exceptional potential in
analytical fields, particularly electrochemical sens-
ing [E, ]. Key features of these materials, such as
an extremely high surface area, an excellent elec-
trical conductivity and a rich chemical reactivity,
facilitate an efficient electron transfer and provide
abundant active sites for analyte interaction. These
characteristics make GO, rGO and their deriva-
tives ideal candidates for detecting biologically
important molecules, environmental pollutants
and chemical substances [I@, ]. Among these,
the neurotransmitter dopamine (DA) has attracted
the greatest research attention because of its vital
role in regulating neurological processes and its
relevance in diagnosing various neurodegenerative
and psychiatric disorders []. The development
of accurate, sensitive and selective electrochemical
DA sensors is therefore of paramount importance
for the timely detection, early intervention and ef-
fective management of diseases such as Parkinsonss,
Alzheimer’s, depression and schizophrenia.
Numerous studies have established that the per-
formance of graphene-based sensors in neuro-
transmitter detection arises from the synergy be-
tween graphenes m-conjugated network and its
surface functional groups []. Despite this
progress, several challenges remain unresolved.
A major limitation is the difficulty in distinguish-
ing DA from structurally related interferents such
as ascorbic acid (AA), uric acid (UA), and other
neurotransmitters (e.g. serotonin and norepineph-
rine), which exhibit overlapping redox potentials.
Achieving a high sensitivity at nanomolar concen-
trations, essential for early diagnosis, also remains
difficult. Although the use of graphene-based na-
nocomposites with transition- or noble metals and
polymers can reduce the detection limit (LOD),
they often suffer from drawbacks such as a poor
stability, nonspecific adsorption, complex surface
chemistry, poor reproducibility, limited selectivity,
and environmental concerns [@, @]. In contrast,
pure, unmodified graphene-based materials have
been less extensively studied and seldom achieve
a simultaneous combination of desirable electro-
chemical features, including broad linear detection
ranges (LR), a low LOD, a high sensitivity, a long-

term stability and an excellent selectivity. Many ex-
isting unmodified graphene-based sensors exhibit
either narrow detection ranges or an insufficient se-
lectivity in real samples, limiting their applicability
in clinical diagnostics [@, @, @ These shortcom-
ings often arise from difficulties in precisely con-
trolling the structural and surface characteristics
of graphene-based materials during synthesis and
functionalisation. To address this gap, it is essential
to investigate how the size of graphite precursors
influences GO synthesis, its subsequent reduction
to rGO, and the resulting structural and electro-
chemical properties. Variations in graphite flake
size determine the oxidation degree, defect forma-
tion, and surface functionalities, which in turn af-
fect the electrochemical behaviour. Unlike previous
studies that mainly focused on composite-based
strategies, this work systematically explores the im-
pact of precursor particle size on dopamine sensing
performance.

In this study, we examine GO derived from
graphite flakes of different sizes (<50 and >149-
<840 um), its thermal reduction to rGO, and
the structural and chemical properties of the result-
ing materials, and demonstrate their application in
fabricating a highly sensitive electrochemical DA
sensor. Our findings undoubtedly offer insights
into the relationships between the precursor size,
reduction process, material properties and sensor
efficiency, contributing to the advancement of gra-
phene-based sensor technologies.

EXPERIMENTAL

Materials and reagents

Graphite powders used for the synthesis was of
extra pure grade. According to the manufactur-
er’s data (Merck), their particle size was <50 pm
(299.5%) and =149 - <840 pum (99.9%). All other
chemical reagents were purchased from Sigma-
Aldrich (USA) and were of analytical grade unless
otherwise specified.

Preparation of GO using traditional Hummers’
method

For the synthesis of GO, graphite powders with
particle sizes <50 um (Gr_1) and >149-<840 pm
(Gr_2) were used. Graphite (6 g) was oxidised
following the Hummers’ method [@]. Briefly,
graphite was dispersed in a cold mixture (3°C) of
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concentrated H,SO, (240 mL) and NaNO, (3 g),
after which KMnO, (30 g) was gradually added
under stirring, keeping the temperature below
20°C. The mixture was maintained at room tem-
perature for 3 days, then stirred at 35°C for 1 h and
diluted with 276 mL of water. It was subsequently
heated to 70°C for 15 min, followed by the addi-
tion of 840 mL of water and 20 mL of 30% H,O,.
The resulting suspension was filtered and washed
with 0.5 L of 10 wt% HCl solution to remove met-
al ions, and further purified by dialysis (MWCO
10.000-20.000 Da) against distilled water until
sulfate-free (pH = 5.0). Finally, the suspension
was filtered, and the obtained brown solid was
dried in a vacuum desiccator to constant weight.
The products were labelled as GO_1 and GO_2,
where GO_1 corresponds to graphene oxide syn-
thesised from graphite with particle sizes <50 pm,
and GO_2 refers to graphene oxide obtained from
graphite with particle sizes ranging from 149 to
840 pum. The synthesis steps are schematically il-
lustrated in Fig. .

Preparation of rGO

Thermal reduction of GO was carried out using
the thermal shock method. In this procedure, GO
powder was placed in a quartz tube and rapidly
introduced into a preheated furnace. Each GO
sample (0.1 g) was reduced in a horizontal tubu-
lar furnace at 800°C for 30 min under an Ar at-
mosphere with a flow rate of 60 mL min™'. Two
rGO samples were thus obtained and labelled ac-
cording to the particle size of the graphite precur-
sor - rGO_1 and rGO_2. A schematic illustration
of the thermal reduction procedure is presented

in Fig.

Material characterisation

Scanning electron microscopy (SEM) analysis was
carried out using a Hitachi SU-70 microscope
(Tokyo, Japan) operated at an accelerating volt-
age of 10.0 kV and a magnification of 50,000x.
Before imaging, the specimens were coated with
a ~4.4 nm silver layer using a Q150T ES turbo-
pumped sputter coater (Quorum Technologies,

Graphite
30C o o, o . .
owders 3°C 3°C 70°C Purification
H SO P KMnO H,0 o HO,
o 4 up to pH 5.0
NaNO,

GO_1 GO_2

Fig. 1. Schematic illustration of the synthesis of graphene oxide from graphite powders of different particle sizes using the Hummers’method

GO

Ar gasinlet

800°C for 30 min

rGO_1 rGO_2

Ar gas outlet

Fig. 2. Schematic representation of the thermal reduction of GO to rGO
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Lewes, UK) to ensure sample conductivity and
prevent charge accumulation during the SEM
analysis.

Raman measurements were performed with an
inVia spectrometer (Renishaw, UK) equipped with
a microscope and a CCD detector cooled to -70°C.
Excitation was provided by a 532 nm laser, focused
through a 20 x /0.40 NA objective, and the spectra
were dispersed with an 1800 grooves mm™ grating.
Each spectrum was collected with an acquisition
time of 100 s, while the laser power was restrict-
ed to 0.4 mW to minimise sample damage. Data
processing was carried out using the GRAMS/A1
8.0 software (Thermo Scientific), and the spectral
bands were analysed by the Gaussian-Lorentzian
fitting function.

X-ray photoelectron spectroscopy (XPS) analy-
sis was carried out on a Kratos Axis Supra spec-
trometer (Kratos Analytical, Kyoto, Japan) using
monochromatic Al Ka radiation (1486.69 eV).
The spectra were calibrated to the C 1s peak at
284.6 eV and acquired with a pass energy of 20 eV.
Data were processed in CASA XPS with Shirley
background subtraction and fitted using Gaussian—
Lorentzian functions.

X-ray diffraction (XRD) patterns were recorded
on a Rigaku Miniflex II diffractometer (Neu-Isen-
burg, Germany) using Cu Ka (\ = 1.5418 A) radia-
tion at 30 kV and 15 mA. Interlayer spacing (d) was
calculated from Bragg’s law, while the crystallite
size (L) was estimated using the Debye-Scherrer
equation [@].

Nitrogen adsorption-desorption isotherms
were obtained at 77 K using a TriStar II 3020 ana-
lyzer (Micromeritics, Norcross, GA, USA). Prior
to measurements, samples were degassed under
N, at 120°C for 2 h. The specific surface area (S, )
was calculated using the Brunauer-Emmett-Teller
(BET) method, and the pore size distribution was
evaluated by the Barrett-Joyner-Halenda (BJH)
approach.

The electrochemical response of dopamine at
rGO-modified electrodes (GCE/rGO) was investi-
gated using differential pulse voltammetry (DPV)
in a conventional three-electrode cell, consisting
of a platinum wire counter electrode, an Ag/AgCl
reference electrode, and a bare or rGO-modified
glassy carbon (GC) electrode (3.0 mm diameter) as
the working electrode. For electrode modification,
a PalmSens BV GC electrode (Houten, The Nether-

lands) was polished with alumina slurry (0.05 pm,
Kemet, UK), ultrasonically cleaned in water and
subsequently coated with the rGO sample. Spe-
cifically, 1.0 mg of rGO was dispersed in 1.0 mL of
0.05% Nafion solution and sonicated for 30 min,
after which 10 pL of the suspension was drop-cast
onto the electrode surface and dried at room tem-
perature. The modified electrodes were labelled
GCE/rGO_1 and GCE/rGO_2.

Electrochemical experiments were carried out
at room temperature using a PalmSens4 potentio-
stat/galvanostat (PalmSens BV, Houten, The Neth-
erlands). DPV measurements were performed
in 0.1 M phosphate buffer (PB) solution (pH 7.2)
under the following parameters: potential window
-1.0 to +1.0 V, potential step 5 mV, scan rate 50 mV
s7!, pulse width 50 ms and pulse amplitude 50 mV.
The limit of detection (LOD) was determined as
the minimum DA concentration providing a sig-
nal above the background, according to the equa-
tion [@];

LOD = 30/s, (1)

where o is the standard deviation of the response,
and s is the slope of the linear calibration curve.
The sensitivity of the electrode was defined as
the slope normalised to the geometric surface area
of the GC electrode [@]:

Sensitivity = s/A, (2)

where A is the geometric area of the GC electrode,
and s is the slope of the linear part of the calibration
curve.

RESULTS

Figure H shows the XPS wide-scan spectra and
the relative surface elemental composition of
GO_1, GO_2, rGO_1 and rGO_2 samples. The
survey spectra (Fig. Ha) reveal the presence of
characteristic peaks corresponding to C 1s, O 1s,
and trace amounts of S 2p in all samples. Sulfur
detected in the GO structure likely attributed to
residual sulfates introduced during the chemical
oxidation of graphite. Thermal treatment of GO
facilitates the removal of these sulfate groups. No-
tably, the oxygen-to-carbon (O/C) atomic ratio
decreases significantly upon reduction of GO to
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Fig. 3. Wide-scan XPS spectrum of the samples (a) and the surface composition in atomic percent (at.%) measured by XPS (b)

rGO, indicating an effective removal of oxygen-
containing functional groups through the reduc-
tion process. Specifically, the O/C ratio drops from
0.48 (GO_1) and 0.34 (GO_2) to 0.12 for both
rGO_1 and rGO_2. Nevertheless, residual oxygen-
containing functional groups are still present in
the structure. Thermal annealing reduces the oxy-
gen content from 31.87 at.% in GO_1 and 25.23
at.% in GO_2to0 10.38 and 11.01 at.% in rGO_1 and
rGO_2, respectively, resulting in partially reduced
graphene oxide surfaces. These oxygen-containing
functionalities ensure the suitable wettability of
rGO, thereby facilitating electrolyte penetration
during electrochemical testing [ﬁf Furthermore,
the negatively charged oxygen moieties on the rGO
surface may interact electrostatically with cationic
DA molecules, which could contribute to enhanced
sensing performance.

The high-resolution Cls spectra for both GO
and rGO samples are presented in Fig. @ For
GO_1 and GO_2, the spectra were deconvoluted
into five distinct components located at 284.4,
286.2, 287.3, 288.5 and 290.1 eV. The signal at
284.4 eV arises from the overlapping contribu-
tions of sp>- and sp’>-hybridised carbon atoms, as
these peaks cannot be clearly separated in XPS
analysis [@]. The remaining components corre-
spond to C-O groups (hydroxyl/epoxy, 286.2 eV),
C=0 groups (carbonyl, 287.3 eV), O-C=0 groups
(carboxyl, 288.5 eV), and n-n* shake-up transi-
tions (290.1 eV) [@]. The same components are
also observed in the rGO samples, although their

relative intensities change substantially. After ther-
mal reduction, the signals associated with oxygen
functionalities decrease significantly, and the con-
tribution from sp?/sp® carbon becomes dominant
(see Table 1). In addition, the peak at 290.9 eV,
which is attributed to m—mn* shake-up transitions
resulting from the partial restoration of the con-
jugated m-network, is more intense in rGO than in
GO, confirming the recovery of graphitic domains
during the reduction process.

Raman spectroscopy was used to investigate
the structural characteristics of graphite, GO and
rGO. This technique provides insight into the lev-
el of disorder and defect density through analysis
of the D and G bands. The obtained spectra, pre-
sented in Fig. E clearly illustrate the differences
between pristine graphite and GO or rGO.

In graphene-related materials, the Raman spec-
trum is mainly characterised by the G band, arising
from the in-plane stretching vibrations of sp*hy-
bridised carbon atoms in both aromatic rings and
chains (EZg mode), and the D band, which originates
from the breathing vibration of six-membered sp?
carbon rings (Alg mode) [@, @]. In defect-free
graphene, the D band is symmetry-forbidden;
however, it becomes active in the presence of lat-
tice imperfections. Another defect-related feature,
the D’ band, often appears on the higher-frequency
side of the G band (Fig. Ea, b). In addition, a broad
band in the 1100-1200 cm™ region, referred to as
D*, is typically observed in GO and attributed to
sp*>-hybridized carbon species [@, @]. Moreover,
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Fig. 4. C1s XPS spectra of GO and rGO samples: GO_1 (a), rG0_1 (b), GO_2 (c) and rGO_2 (c)

Table 1. Surface distribution and relative concentration (%) of carbon and oxygen-containing functional groups in GO and rGO samples

derived from C1s XPS deconvolution

Distribution and concentration (%) of 0-containing functional groups

Sample

pysp | cocoC | (=0 0-C=0 m-n*
GO_1 27.60 36.52 22,65 1066 257
GO_2 33.49 43.08 12.97 8.80 1.66
1GO_1 83.73 5.02 244 6.01 280
1GO_2 84.83 297 331 6.36 253

disordered GO typically exhibits a broad D" band
in the 1500-1550 cm™ region, which has been as-
sociated with the amorphous carbon phase [].

In Figs Ea and b, which present the Raman spec-
tra of the graphite samples, the D band is located
at approximately 1351 cm™, while the G band ap-
pears near 1581 cm™. A weak D’ band is visible on
the higher-frequency side of the G band at around
1620 cm™. No D* or D” bands are observed in

the graphite spectra, whereas in the GO (Fig. Ec, d)
and rGO (Fig. Ee, f) samples, these bands are clear-
ly detected at ~1200 and ~1526 cm™, respectively.
The full width at half maximum of the G band,
FWHM(G), provides a valuable insight into the struc-
tural characteristics of carbon materials [@, @,
@]. Accordingly, the Raman spectra in the 1000-
1800 cm™ region were deconvoluted into four Lor-
entzian-Gaussian components. The experimentally
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Fig. 5. Raman spectra of graphite, GO and rGO samples with fitted Lorentzian—Gaussian (D and G bands): graphite with 50 um particle size (a),
graphite with >149-<840 pm particle size (b), G0_1 (c), G0_2 (d), rGO_1 (e) and rGO_2 (f)

determined FWHM(G) values can then be applied = where the photon coherence length / = 32 nm,

to estimate the crystallite size (L ) [@, @]: C=95cm™, and FWHM(G) and FWHM(G,) rep-
resent the widths of the G band for the investigated

I = L In ¢ , (3) sample and forundoped pristine graphene (15cm™),
) FWHM(G)-FWHM(G,) respectively. The equation is valid for measuring L

between 32 and 2.8 nm [@]. The corresponding G
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Table 2. Raman parameters determined for graphite, GO and rGO samples

Sample FWHM, cm™’ L, nm I/l
Graphite (50 um particle size) 22.04 41.6 -
Graphite (=149-<840 um particle size) 17.43 58.7 -
GO_1 70.65 8.6 0.44
GO_2 72.31 8.1 0.42
rGO_1 71.58 8.3 0.37
rGO_2 72.69 8.0 0.48

band parameters and calculated L values are sum-
marised in Table 2.

As shown in Table 2, the oxidation of pris-
tine graphite leads to a pronounced increase in
FWHM(G). In the case of graphite with a 50 um par-
ticle size, FWHM(G) rises from 22.04 to 70.65 cm™
(for GO_1). Similarly, in the case of graphite with
>149-<840 pum particle size, FWHM(G) increases
from 17.43 to 72.31 cm™ (for GO_2). This broad-
ening of the G band indicates an increased den-
sity of sp’-related defects and a smaller crystallite
size [@]. These changes result from the incorpo-
ration of various oxygen functionalities, including
hydroxyl, epoxy, carboxyl and carbonyl groups.

Following the thermal reduction of GO sam-
ples, the FWHM(G) values show a slight further
increase, rising from 70.65 cm™ for GO_1 and
72.31 cm™ for GO_2 to 71.58 and 72.69 cm™ for
rGO_1 and rGO_2, respectively. The broadening
of the FWHM(G) peak is likely associated with
the elimination of oxygen-containing functional
groups combined with the generation of struc-
tural defects, such as vacancies, dislocations, and
surface irregularities, during the thermal reduc-
tion process [@]. In addition, the slightly greater
FWHM(G) value observed for rGO_2 suggests that
this sample contains a higher density of defects and
imperfections compared to rGO_1. This difference
can be attributed to the influence of graphite flake
size on the oxidation and reduction process. Spe-
cifically, larger graphite flakes tend to entrap more
intercalant species during oxidation, which, upon
thermal reduction, generate a higher internal pres-
sure that facilitates exfoliation but simultaneously
induces cracking and the formation of additional
defects [@, @].

Depending on the sample, the calculated L val-
ues range from 8.0 to 58.7 nm (Table 2). The larg-
est in-plane crystallite size is observed for graph-
ite with a 2149-<840 um particle size (58.7 nm),

while graphite with a 50 um particle size also
exhibits relatively high values (41.6 nm). A larg-
er L reflects the presence of extended graphitic
domains with fewer structural imperfections. In
contrast, the reduced L values in GO and rGO
samples reflect a decrease in an aromatic cluster
size, which is associated with an increased density
of defects in the graphene layers arising from ox-
ygen-containing functional groups and structural
distortions introduced during thermal treatment.

The I.,/I. intensity ratio is commonly used
as a parameter to assess the amorphisation in
graphene-related materials (Table 2). Among
the samples, rGO_2 exhibits the highest fraction
of amorphous carbon, with a ratio of 0.48.

XRD analysis was carried out to evaluate
the structural changes occurring during the oxi-
dation of graphite samples to GO and their subse-
quent reduction to rGO. The diffraction patterns
of graphite, GO and rGO samples are presented
in Fig. E, while the corresponding peak positions,
interlayer spacing (d, and d,) and crystallite
sizes (D) are summarised in Table 3. The XRD
pattern of graphite powders exhibits a character-
istic peak at 20 = 26.4°, corresponding to the (002)
plane. The calculated interlayer spacings (d,) are
0.338 nm for graphite with 50 pm particles and
0.337 nm for graphite with >149-<840 pm parti-
cles. The calculated crystallite sizes (D) are 26.55
and 33.17 nm, respectively, indicating that larger
graphite flakes possess more extended crystalline
domains. In addition to the (002) reflection, weak-
er peaks assigned to the (100) plane at 26 = 42.36°
and the (004) plane at 26 = 54.56° are also detect-
ed, further verifying the graphitic structure [@].

XRD analysis of the GO samples shows a dis-
tinct shift of the main diffraction peak to lower
angles (260 = 10.87° for GO_1 and 26 = 11.03° for
GO_2), corresponding to the (001) reflection [@].
The calculated interlayer spacing (d,,) is 0.813 nm
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Fig. 6. XRD pattern of graphite, GO and rGO sample: graphite with 50 pm particle
size (a), graphite with >149—<840 um particle size (b), G0_1(c), G0_2 (d), rGO_1

(e)and rGO_2 (f)

for GO_1 and 0.802 nm for GO_2, indicating
a successful oxidation of graphite and the incor-
poration of oxygen-containing functional groups.
The crystallite sizes (D) are determined to be 5.82
and 9.34 nm, respectively.

The crystallite sizes obtained from Raman
spectra (Table 2) were consistently larger than
those calculated from XRD data (Table 3). This
discrepancy can be explained by the different mea-
surement principles of the two techniques. XRD
estimates a crystallite size from the diffraction of
X-rays by periodically arranged atomic planes in
the crystal lattice, whereas Raman spectroscopy
measures scattering of laser light perturbed by
the interaction with the matter [g@]. Similar find-
ings were reported by J. Guerrero-Contreras, who
demonstrated that Raman-derived crystallite sizes
were higher compared with XRD data [].

Thermal reduction of GO leads to pronounced
broadening of the XRD peaks in the resulting rGO
samples, indicating a decrease in crystallite size.
In all cases, the main diffraction peak appears at
20 = 12.5°, corresponding to a decrease in interlay-
er spacing from ~0.813 nm in GO_1 and 0.802 nm
in GO_2 to ~0.707 nm in the rGO samples, result-
ing from the partial removal of oxygen-contain-
ing functional groups. Furthermore, this broad
reflection is asymmetric, which can be attributed
to the coexistence of graphitic and disordered do-
mains within the structure. Additionally, a weaker
and broader peak is observed at 20 = 26.0°, which
is most likely associated with graphite.

The morphology of the synthesised samples
was investigated by scanning electron microscopy.
The representative SEM images are displayed in

Fig. [l

Table 3. XRD parameters determined for graphite, GO and rGO samples

Sample | 20, degree | dom, nm dm, nm D,nm

Graphite (50 um particle size) 26.38 - 0.338 26.55
Graphite (=149-<840 um particle size) 26.43 - 0.337 33.17
GO_1 10.87 0.813 - 5.82

GO_2 11.03

0.802 - 9.34
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Fig. 7. SEM images of graphite with 50 um particle size (a), GO_1 (b), rGO_1 (c), graphite with >149—<840 um particle size (d), G0_2 (e) and

rG0_2 (f)

As can be seen in Figs Ha and d, both graphite
samples exhibit the characteristic layered crys-
talline structure, which differs significantly from
the morphologies observed in the other sam-
ples. Following oxidation, the graphite structure
undergoes a significant transformation. This is
characterised by an increase in interlayer spacing
and a reduction in the number of stacked layers,
leading to the corrugated and wavy morphology
that is characteristic of GO. On the other hand,
thermally reduced graphene oxide is composed
of stacked graphene sheets and exhibits the well-
known worm-like turbostratic morphology with
a low bulk density. Thermal reduction produces
crumpled graphene nanosheets that are randomly
arranged and overlapped, resulting in slit-shaped
porous structures.

The nitrogen adsorption-desorption measure-
ments reveal differences in the textural properties
of the studied samples. The corresponding data are
summarised in Table 4.

Pristine graphite with a 50 um particle size
exhibits a very low BET surface area (13 m* g)
and a total pore volume of 0.032 cm® g™, while no
reliable data could be obtained for graphite with
a 2149-<840 um particle size due to its nonpo-
rous nature. After oxidation, the surface area in-
creases compared to graphite, reaching 55 m? g
for GO_1 and 3 m* g for GO_2, indicating par-
tial exfoliation and the incorporation of oxygen-
containing groups. In contrast, thermal reduction
significantly enhances the textural characteristics.
rGO_1 exhibits a BET surface area of 543 m* g
with a total pore volume of 1.774 cm® g, while

Table 4. Textural properties determined from nitrogen adsorption—desorption measurements

Sample Sy Mg V,mig’ v, am’g’ A\‘:\t,eir;t?: :omre
Graphite (50 um particle size) 13 0.032 <0.01 9.2
Graphite (=149-<840 um particle size) n.d. n.d. n.d. n.d.
GO_1 55 0.045 <0.01 52
GO_2 3 0.003 <0.01 25.1
rGO_1 543 1.774 <0.06 9.5
rGO_2 429 1.320 <0.05 10.3
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rGO_2 maintains a similarly high surface area
of 429 m* g™ and a pore volume of 1.320 cm’ g".
The pronounced increase in S, can be attributed
to exfoliation caused by the thermal decomposi-
tion of oxygen-containing functional groups in
GO, which is supported by the decrease in oxygen
content from 31.87 at.% in GO_1 and 25.23 at.%
in GO_2 to 10.38 and 11.01 at.% in rGO_1 and
rGO_2, respectively (Fig. b). In addition, all sam-
ples exhibit predominantly meso- and macroporo-
us structures, as evidenced by their low micropore
volumes (V,<0.06 cm’ g™') and average pore widths
in a range of 5.2-25.1 nm.

Figure E shows the N, adsorption-desorption
isotherms (a, b) and pore size distribution curves
(c) for graphite with a 50 um particle size, GO and
rGO samples. In contrast, no isotherms are ob-
tained for graphite with >149-<840 pum particles,

since this material is essentially nonporous and its
surface area is too low to be detected by the BET
method. This difference highlights the effect of par-
ticle size: smaller flakes provide a greater surface
area and more edge sites for nitrogen adsorption,
while larger flakes maintain a tightly ordered lay-
ered structure with a minimal accessible surface.
Consequently, nitrogen cannot penetrate between
the stacked layers, limiting adsorption to the outer
surface and making isotherm analysis impossible.
According to the IUPAC classification [@],
the recorded isotherms correspond to type IV(a)
with H3 hysteresis loops. Such isotherm profiles
are characteristic of mesoporous structures, while
the H3 hysteresis loops observed are often linked to
plate-like particles forming slit-shaped pores, such
as those found in graphene-related materials where
pores are created between parallel layers. The pore

Relative pressure, p/p°

a 14
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o0 _
>o 1.2 c
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Fig. 8. N, adsorption—desorption isotherms (a, b) and pore size distribution plots (c) for the prepared samples
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size distribution curves derived from the BJH mod-
el (Fig. Ec) further confirm the mesoporous nature
of the materials, showing dominant pore widths in
the 2.5-5 nm range for all samples except GO_2.
In the case of GO_2, the distribution is shifted to-
ward larger pores, with the majority of pore widths
falling in the 13-27 nm range, indicating the preva-
lence of larger mesopores.

The rGO samples were tested for electrochemi-
cal DA detection. Figure Ea illustrates their DPV
response in a PB solution (pH 7.2) containing
20 uM DA.

As seen in Fig. Ea, both constructed rGO_1/GCE
and rGO_2/GCE sensors exhibited significantly
higher DA peak currents at approximately +0.20 V
compared to the bare GCE. The enhanced current re-
sponse of the rGO-modified electrodes indicates an
improved electrochemical activity, which can be as-
cribed to a larger surface area, and abundance of de-
tect sites introduced by the thermal reduction of GO.

Moreover, the rGO_2/GCE sensor exhibited the most
pronounced anodic peak current, suggesting that its
structural characteristics provide a greater density of
electroactive sites and more favourable conditions for
DA adsorption and oxidation compared to rGO_1/
GCE. These results demonstrate that the physico-
chemical features of the rGO materials, dictated by
the size of the graphite precursor, play a critical role
in determining their sensing performance.

The influence of PB solution pH on the peak cur-
rent and peak potential was investigated. Figure Eb
shows the DPV curves recorded at different pH val-
ues for 50 uM DA. As illustrated in Figs Eb and ¢,
the peak current of DA depends on pH, with the max-
imum response observed at pH 2.8. However, under
these acidic conditions, the oxidation peak potential
of DA is shifted further away from 0 V, and such
strongly acidic media are less suitable for practical
sensing because they may promote electrode surface
degradation, analyte instability, or interference from

a 20 b 15
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pH=28
15 pH=72
< 10 3 pH=59
3 5
~
rGO_1 5
5
GCE
0
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C 045 d 25
13
0.40
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0.35 5L
- 11 030 <15 10 L
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9 0.20 "
0.15 5
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Fig. 9. DPV responses of bare GCE, rGO_1/GCE and rGO_2/GCE toward 20 uM DA in 0.1 M PB (pH 7.2) (a); at different pH values to 50 uM DA (b);
the variation of anodic peak current and peak potential as a function of pH (c); the influence of rGO_1 loading volume on the DA oxidation peak

current (d)
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proton-coupled side reactions. When the pH was in-
creased from 5.9 to 7.2, the peak current gradually
increased, while at pH 8.2 the response decreased.
Hence, pH 7.2 was selected for subsequent experi-
ments, as it provides a strong electrochemical signal
and is close to physiological conditions.

Also, the peak potential of DA electrooxida-
tion was found to be pH-dependent. As shown
in Fig. Ec, increasing the pH caused a linear
negative shift in the peak potential, confirming
the participation of protons in the electrode reac-
tion. The regression equation was determined as
E(V) =-0.0553pH + 0.57845, with an excellent cor-
relation coefficient (R* = 0.9974). The slope obtained
(-0.0553 V/pH) is close to the theoretical Nernstian
value of -0.059 V/pH, suggesting that DA elec-
trooxidation at the rGO-modified GCE proceeds
via the equal number of electrons and proton, in
this case, a two-electron transfer process coupled

with the transfer of two protons [@].

To optimise the amount of rGO suspension on
the GC electrode surface, the effect of rGO_1 load-
ing volume on the DA oxidation signal was investi-
gated. Figure Ed shows the dependence of the DA
anodic peak current on the applied rGO_1 vol-
ume. The highest current response was observed
at 5 pL of rGO_1, indicating that this amount en-
sures the most favourable electroactive surface area
and sufficient active sites for DA oxidation. When
the rGO_1 volume was further increased to 10, 15
and 20 pL, the anodic peak current decreased, which
can be attributed to the partial blockage of the elec-
trode surface and hindered electron transfer. There-
fore, 5 uL of rGO_1 suspension was determined as
the optimal loading for electrode modification.

The influence of scan rate on the redox behav-
iour of DA at rGO-modified GC electrodes was ex-
amined in 0.1 M PB solution (Fig. ).
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Fig. 10. CV curves of DA recorded at different scan rates from 10 to 200 mV s for rG0_1/GCE (a) and rGO_2/GCE (c); corresponding plots of
anodic and cathodic peak currents versus the scan rate for rG0_1/GCE (b) and rGO_2/GCE (d)
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CV measurements were performed at scan rates
between 10 and 200 mV s to evaluate the elec-
trode kinetics and identify the controlling factor of
mass transport. As shown in Figs a and ¢, both
anodic and cathodic peak currents increased pro-
gressively with the scan rate, while the correspond-
ing peak potentials shifted slightly toward more
positive (anodic) and more negative (cathodic)
values. This behaviour reflects a slower electron
transfer rate and a reduced reversibility of the DA
redox process at higher scan rates. Furthermore,
a linear relationship between both anodic and
cathodic peak currents and the scan rate was ob-
served over the investigated range (Figs b, d).
For rGO_1/GCE, the regression equations were
I, (WA) = 0.4816x - 2.277 (R* = 0.9949) and I
(LA) = -0.4211x + 3.9158 (R* = 0.9982), while for
rGO_2/GCE, they were I (uA) = 0.1641x - 0.2123
(R* = 0.9934) and I (uA) = -0.1512x + 2.6282

(R*=0.9881). These strong linear correlations con-
firm that the electrochemical redox process of DA
at rGO-modified GC electrodes is predominantly
adsorption-controlled [@].

DPV measurements were carried out to quan-
titatively evaluate the electrochemical response of
DA at rGO-modified electrodes. Figures a and b
display the DPV curves obtained for different DA
concentrations using rGO_1/GCE and rGO_2/
GCE, respectively.

In both cases, a distinct anodic peak appeared at
approximately +0.19 V, corresponding to the oxi-
dation of dopamine. The peak current increased
proportionally with the DA concentration for both
electrodes. For rGO_1/GCE (Fig. a), the current
response increased steadily in a range of 0-59.6 UM
DA, after which a decrease in anodic peak intensity
was observed at higher concentrations. In contrast,
the rGO_2/GCE electrode showed a linear increase
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Fig. 11. DPV responses of rGO_1/GCE (a) and rGO_2/GCE (b) toward increasing DA concentrations; the calibration plots of the anodic peak cur-
rent versus the DA concentration for both electrodes (c); the linear range of the calibration curves (d)
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in peak current from 0 to 79.4 pM DA, with a sub-
sequent decrease at concentrations above this level.
The reduction in current at higher concentrations
can be attributed to the formation of thicker sur-
face layers due to DA or impurity adsorption, sur-
face fouling as well as the partial blocking of pores
and electroactive sites.

As shown in Figs c and d, the oxidation peak
current of DA on both rGO_1/GCE and rGO_2/
GCE electrodes exhibited a linear increase with
the DA concentration in a range of 1-19.96 puM.
The linear regression equation for rGO_1/GCE
was I(pA) = 0.4553x + 0.476 (R* = 0.9987), while
that for rGO_2/GCE was I(uA) = 0.8618x + 0.4029
(R? = 0.9968). The LOD values of DA were calcu-
lated as 61.55 nM for rGO_1/GCE and 98.17 nM
for rGO_2/GCE. The corresponding sensitivities
were 6.44 and 12.20 pA pM™"' cm™ for rGO_1/GCE
and rGO_2/GCE, respectively. These results indi-
cate that although both electrodes are suitable for
DA detection, rGO_2/GCE provides a higher sen-
sitivity. The higher sensitivity can be attributed to
the structural and surface characteristics. Although
both rGO samples exhibit comparable oxygen-to-
carbon ratios after thermal reduction (O/C = 0.12),
rGO_2 retains a slightly higher concentration of
oxygen-containing functional groups (Fig. Hb).
Such residual oxygen functionalities improve sur-
face wettability and promote electrostatic interac-
tions with cationic DA molecules, thereby enhanc-
ing the adsorption-controlled process. Importantly,
the higher defect density and amorphous carbon
fraction in rGO_2, as evidenced by its broader
FWHM(G) (72.69 cm™ vs 71.58 cm™ for rGO_1)
and higher I /I ratio in Raman spectra (0.48 vs
0.37 for rGO_1), generate more reactive edge sites
for DA oxidation, thereby increasing the overall
sensitivity of the electrode.

Compared with metal-free rGO-based sensors
reported in the literature, the proposed electrodes
exhibit a comparable or slightly better electro-
chemical performance in terms of LOD and sen-
sitivity [[14, ]. Based on these promising
results, future studies could be directed toward
evaluating long-term stability, reproducibility and
selectivity in the presence of potential interfering
analytes, thereby extending the applicability of
these sensors to more complex real-sample envi-
ronments.

CONCLUSIONS

In this study, reduced graphene oxide (rGO) was
synthesised from graphite powders of two distinct
particle sizes using the Hummers’ method followed
by thermal shock reduction. The resulting samples,
rGO_1 (derived from smaller graphite particles)
and rGO_2 (from larger flakes), were thoroughly
characterised to assess the influence of precursor
size on structural, chemical and electrochemical
properties. XPS, Raman, XRD, SEM, and nitrogen
sorption analyses confirmed the successful removal
of oxygen-containing functional groups after re-
duction, while also revealing differences in crystal-
lite size, defect density, and porosity that strongly
depended on the graphite precursor.

Electrochemical investigations demonstrated
that both rGO_1/GCE and rGO_2/GCE electrodes
exhibited an excellent electrocatalytic activity to-
ward dopamine oxidation, with significantly en-
hanced responses compared to the bare GCE. Both
electrodes achieved the linear detection of dopa-
mine in a range of 1-19.96 uM, with detection lim-
its of 61.55 nM (rGO_1) and 98.17 nM (rGO_2).
While rGO_1 demonstrated a lower detection lim-
it, rtGO_2 exhibited a higher sensitivity, which can
be attributed to its greater defect density and higher
fraction of residual oxygen functionalities that im-
prove the wettability and adsorption of dopamine
molecules.

These findings highlight that the electrochemi-
cal performance of rGO-based electrodes can be
tuned through a careful selection of the graphite
precursor size. Such control over material prop-
erties provides a valuable route for tailoring rGO
nanomaterials for electrochemical sensing applica-
tions, opening new opportunities for their use in
bioanalytical detection systems.
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