The influence of precursor selection on electrochemical properties

of RF thermal plasma synthesized graphene

Maciej Fronczak!®, Zoltan Karoly?, Predrag Bankovi¢?, Zorica Mojovic¢3*

!Department of Molecular Engineering, Faculty of Process and Environmental Engineering,

Lodz University of Technology, Wolczanska 213, 93-005 £odz, Poland

’Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,

Magyar tudosok kérutja 2, 1117 Budapest, Hungary

3University of Belgrade, Institute of Chemistry, Technology and Metallurgy,
Department for Catalysis and Chemical Engineering - National Institute of the Republic of
Serbia, Njegoseva 12 11000 Belgrade, Serbia

*Corresponding authors:

Maciej Fronczak: maciej.fronczak@p.lodz.p!

Zorica Mojovi¢: zorica.mojovic@ihtm.bg.ac.rs



mailto:maciej.fronczak@p.lodz.pl
mailto:zorica.mojovic@ihtm.bg.ac.rs

Abstract

Electrochemical characterization of a series of graphene samples synthesized by radiofrequency
thermal plasma jet is reported. Six simple organic compounds including alkanes, carboxylic
acids, alcohols and aldehydes were applied as precursors for graphene synthesis. The
Electrochemical characterization was performed by cyclic voltammetry (CV) The response of
the selected sample toward 3-nitrophenol and 4-nitrophenol was investigated in the pH range
from 2 to 9. The electroanalytical performance of the selected sample for simultaneous
detection of these nitrophenols was tested by square wave voltammetry (SWV). The aim of this
work was to establish the influence of graphene precursor on its electrochemical properties. The
highest current response was obtained from a graphene sample prepared from methane. The
simultaneous detection of two nitrophenol derivatives was successful in a concentration range

from 10 uM to 500 uM using as-synthesized methane-originated graphene.
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1. Introduction

Carbon-based electrodes have various industrial applications, from metallurgy to battery
production. The properties such as high conductivity, good mechanical and thermal properties,
availability, and chemical stability [1,2] enabled a wide range of applications. Diverse carbon
electrodes such as graphite, glassy carbon, highly oriented pyrolytic graphite and diamond
electrodes have been used [3,4]. The need to enhance the properties of these electrodes led to
the investigation of nanosized carbon-based materials: carbon nanotubes, fullerenes, carbon

quantum dots, nano-diamond and graphene and graphene derivatives [5].

Among carbon-based materials, special attention was devoted to the investigation of graphene
and its derivatives. Since the groundbreaking work by Geim and Novoselov [6], which is
usually considered as a start of graphene investigation, graphene has been the topic of much
research and is a promising candidate for various applications. One of the key applications of
graphene in electrochemistry is its utilization as an electrode material. Graphene-based
electrodes have shown remarkable performance in various electrochemical processes, such as

energy storage [7], electrocatalysis [8], and sensing [9].

The electrochemical activity of graphene is affected by various properties of the graphene such
as defects, type and amount of functional groups and the presence of impurities [10]. Two major
structural regions of graphene are the basal plane (sp?> bonded carbon atoms in the form of
honeycomb) and the edge plane (perpendicular to basal plane, one carbon atom width plane
ending in various functional groups). Pristine (perfect) graphene, i.e. high quality graphene,
with a low amount of defects, and low oxygen content shows slow electron transfer kinetics
[11]. The presence of this kind of graphene on the electrode surface blocks the electrode’s
activity. It was established that graphene electroactivity mainly originates from the edge sites,
while the electroactivity of the basal plane is negligible [12,13]. Lai et al. [ 14] established that
the freshly prepared basal plane can exhibit electrochemical activity, but this activity decreased

with time. The activity of the basal plane can be increased by introduction of defects [15,16].

On the other hand, the expressed electroactivity of graphene also depends on the analyte.
Compton et al. showed that the adsorption of guanine at the basal plane, prior to its oxidation

on the edge sites significantly affects the height of the current response [17].

The other factor affecting the electroactivity of graphene is the amount and the type of oxygen
species at its surface. The literature data report both positive [18] and negative impacts [19] of

these groups of the activity of graphene-based electrodes on their electroanalysis performance



for specific analytes. The desirable oxygen species can be obtained by oxidation of graphene

[20] or by (electro)reduction of graphene oxide [21].

The properties of graphene vary depending on the method of preparation employed. The
synthesis technique used to produce graphene can influence its structural, electrical,
mechanical, and chemical properties. The methods are usually divided into bottom-up and top-
down approaches [22]. The most commonly used methods are mechanical exfoliation (scotch
tape method), chemical exfoliation, chemical vapor deposition (CVD), epitaxial growth and
plasma methods. Each graphene synthesis method has its advantages and limitations, and the
choice of method depends on the desired application and scalability requirements. The
advantage of the thermal plasma decomposition method is that it can be performed under
continuous conditions and without a catalyst, which significantly reduces the cost of graphene

production [23].

The aim of this investigation was to determine the electrochemical properties of graphene
synthesized by RF thermal plasma using different precursor compounds. The electrochemical
activity of the graphene material obtained in this manner was tested by two common redox
probes. The activity toward nitrophenols enabled the assessment of the activity of samples for
both oxidation (of the phenol group) and reduction (of the nitro group). In the end, the
electroanalytical performance of a selected sample of unaltered, as-produced graphene for
simultaneous detection of 3-nitrophenol (3-NP) and 4-nitrophenol (4-NP) was tested. In order
to enhance graphene electroanalytical performance, graphene is usually functionalized [24,25].
Sometimes, the purpose and the effect of functionalization are not easily elucidated [26].
Therefore, the results presented in this paper might be of significance for selecting graphene

synthesis parameters in regard to the analyte and prior to possible functionalization.



2. Experimental
2.1 Materials

The graphene samples were obtained via RF plasma jet method described in detail in
Supplementary Data and previous works [23,27]. Basing on the physicochemical
characterization, already shown in previous works [23,27] and Supplementary Data, the
graphene samples exhibits nanoflake morphology (Figure S1) and consists of more than 94.7
atomic % of carbon. The remaining percentage is taken by oxygen. Carbon exists in sp?

hybridization, characteristic for 2D carbon materials.

The compounds applied in the studies: paraffin oil, potassium chloride, potassium
hexacyanoferrate(Il) trihydrate, potassium hexacyanoferrate(Ill), hexaamineruthenium(III)
chloride, and Britton—Robinson buffer constituents (H;PO,;, CH3;COOH and H3;BO;) were

purchased in Merck.
2.2 Electrochemical measurements

Graphene pastes electrode (GPE) was prepared by hand mixing graphene samples obtained
from different precursors with the appropriate amount of paraffin oil. The hollow Teflon tube
(2 mm diameter) filled with paste to the length of 1 cm served as the working electrode. GPE
obtained in this manner was named according to the precursor used to obtain the given graphene
sample. The reference electrode was Ag/AgCl in 3 M KCI, while a platinum rod served as a
counter electrode. The Autolab electrochemical workstation (Autolab PGSTAT302N,

Metrohm-Autolab BV, Netherlands) was used for electrochemical measurements.

The investigation of GPE response toward two redox probes, ImM [Ru(NH;)s]*"?* and 1 mM
[Fe(CN)g]>* in 0.2 M KCl, was investigated by cyclic voltammetry (CV). CVs were recorded
at different scan rates in the range 20 -300 mV s°!. The diffusion coefficient of 7.2 x 10 cm?s-!
and 6.5x10°% cm?s™! for hexacyanoferrate(Il)ion and hexaamineruthenium(III)ion, respectively,
was determined by chronoamperometric measurement [28]. The response of GPE toward 4-NP
and 3-NP was performed at various pH values using cyclic voltammetry. The Britton—Robinson
buffer (0.1 M H3PO,4, 0.1 M CH3COOH and 0.1 M H3;BOs) was titrated with 1 M NaOH to
adjust pH to be in the range of 2 — 9.

The determination of 4-NP and 3-NP was performed by square wave voltammetry from
equimolar solutions in Britton-Robinson buffer at pH 5. The optimized conditions used for
recording curves for the calibration plot were: deposition potential -1.2 V; deposition time 30

s; pulse amplitude 0.06 V, step 0.005 V and frequency 25 Hz.



3. Results and Discussion

The first examination of different graphene paste electrodes was performed by cyclic

voltammetry using two redox probes, [Fe(CN)¢]>* and [Ru(NH3)s]?"%*.

Cyclic voltammograms recorded for all electrodes in 1 mM [Fe(CN)¢]>7* in 0.2 M KCI are
presented in Figures la and b. Recorded CVs are grouped into two figures according to the

electrode’s performance for clarity.
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Figure 1: Cyclic voltammograms recorded in 1 mM [Fe(CN)g]3# + 0.2 M KCl at the scan rate
of 50 mV s,

The CV of electrodes presented in Figure 1a exhibited only an anodic peak, while a cathodic
peak was absent. The CV of electrodes presented in Figure 1b exhibited a pair of peaks, but
with very high peak-to-peak separation. This behavior is indicative of very slow kinetics of
charge transfer. The investigation of the scan rate has an influence on voltammetric
characteristics (Figures S3 — S8) showed linear dependence of peak height on the square root
of scan rate, indicating that the electrochemical process was diffusion controlled. The
electrochemical heterogeneous standard rate constant (k%) can be determined from the shift of

peak potential with scan rate by the equation [29]:
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where R, T and F are the universal gas constant, absolute temperature and Faraday constant,
respectively, Dy is the diffusion coefficient of the reduced species, k° is the heterogeneous
standard rate constant, o is the energy transfer coefficient and n is the number of electrons
transferred during the heterogeneous reaction. The values of the standard electrochemical rate

constant are presented in Table 1.

Table 1. The values of the standard electrochemical rate constant

electrode [Fe(CN)e]>* [Ru(NH3)e]>73*
k? (cm s) k° (cm s)
Ethanol 2.7 x10°% 1.4 x104
Propionic acid 4.9 x10°5 1.7 x10*
Butyric acid 5.0 x10° 1.1 x10°
Methane 3.5 x1073 2.0 x1073
Methane/He 2.7 x103 1.4 x1073
Acetaldehyde 1.7 x1073 3.2 x10*

Cyclic voltammograms recorded for all electrodes in 1 mM [Ru(NH3)s]>"3* in 0.2 M KCl are
presented in Figures 2a and b. Recorded CVs are grouped by the electrode’s performance for

clarity. Voltammograms exhibited the expected pair of redox peaks, except for the Butyric acid

electrode.
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Figure 2: Cyclic voltammograms recorded in 1 mM [Ru(NH;)s]*>"** + 0.2 M KCl at the scan
rate of 50 mV s

The highest currents and the lowest value of peak-to-peak separation were obtained for
graphene originating from Methane and Methane/He electrodes, indicating that the reversibility
of the redox process of [Ru(NH3)s]*"3" probe was highest for these electrodes. However, all
obtained values were higher than 59 mV, the expected value for the reversible process. The

redox process recorded at the investigated electrode showed to be a quasi-reversible process.

Cyclic voltammograms recorded at different scan rates in the range of 20 — 300 mV s’ are
presented in Figures S9 - S14. The peak current showed linear dependence of peak height on
the square root of the scan rate, which is characteristic of a diffusion-controlled process. The
electrochemical heterogeneous standard rate constant was determined by Lavagnini’s
modification of the Nicholson method. According to Nicholson’s procedure [30], k® can be

determined as a slope of plot ¥ vs. tDnvF/RT according to the equation:

¥ = k%[mDnvF/RT]~1/? 2)

Nicholson’s procedure is applicable for peak-to-peak (AE,) separation values up to 200 mV.
The work of Lavagnini et al. [31] modified the procedure to enable its application for higher

values of peak-to-peak separation (nxAEp > 200 mV) according to the equation:
Y =(—-0.6288 +0.0021X)/(1 —0.017X) 3)
where X is peak-to-peak separation in mV.

The k° value for oxidation of [Ru(NH;)s]*" was determined according to the equation (3) for all
electrodes except for the Butyric acid electrode. Since the Butyric acid electrode showed
irreversible behavior equation (1) was used for the determination of k°. The obtained values of

the heterogeneous rate constant are presented in Table 1.

The values of k° for both probes are in accordance with literature data for graphene paste
electrodes [32]. The Methane electrode showed the fastest charge transfer kinetics for both
probes, while the Butyric acid electrode showed the slowest. It should be noted that values of
k® obtained for both redox probes should not be considered as absolute values, but only as

apparent and indicative rate constants only.

It is considered that [Ru(NH;3)s]*"2" probe is not surface sensitive and the response of the

electrode toward this probe is determined only by the density electronic states near the formal



potential of the redox system [3,12]. On the other hand, the response of the electrode toward
[Fe(CN)g]*/* probe depends, in addition to the electronic structure, on the presence of the
oxygenated species on the electrode surface as well [33]. It is considered that the fast charge
transfer rate occurs at graphene edges, while the charge transfer is rather slow on basal planes
due to their hydrophobic nature [34]. Slow charge transfer kinetics for Ethanol, Propionic acid
and Butyric acid electrodes was a consequence of the low amount of edge sites and the presence
of carbon-oxygenated species. In this regard, the Acetaldehyde electrode showed an
unexpectedly high rate of charge transfer for [Fe(CN)4]*/3- probe, considering that the precursor

contains oxygen.

In order to better understand the effect of oxygen on the values of the obtained apparent charge
transfer rate constant we correlated their values with the values of various oxygen species
obtained by XPS measurements (described in previous works [23,27] and shown in
Supplementary Data, Figure S2). Both redox species showed similar behavior in correlation

with total oxygen (Figure 3). There was a plateau at values 4.3-4.7 atomic % of surface

composition.
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Figure 3. Relation between the decimal logarithm of k® and the oxygen surface content

determined with XPS.

However, when correlated with lines corresponding to the chemical states it was found that
oxygen assigned to C—O—C in ester and OH in the carboxyl, has the most negative effect on the
values of apparent charge transfer rate constant for both redox probes. the high amount of C-
OH also had a negative effect, while the presence of C=0 and C-O-C had a positive effect on
the charge transfer kinetics for both redox probes. It follows that the hydroxyl moieties
plausibly worsens the charge transfer, whilst the other carbon-oxygen bonds supports the
electrochemical reaction onto the surface. These relations are shown in Supplementary Data

(Figure S15).
3.5 Electrochemical oxidation of 4-Nitrophenol and 3-Nitrophenol

Further studies were performed with the electrode that showed the highest activity: Methane,
Methane/He and Acetaldehyde electrode. The electrochemical behavior of graphene paste
electrodes was studied in the presence of 4-nitrophenol and 3-nitrophenol. The nitrophenols
contain two functional groups: the -OH group and the NO, group. The response of selected
electrodes was studied for oxidation and reduction of nitrophenols. The oxidation of
nitrophenols was investigated at different pHs, in the range of 2-9. Cyclic voltammograms
recorded at the Methane electrode in buffer solution without nitrophenol are presented in Figure
4. Cyclic voltammograms recorded for Methane/He and Acetaldehyde electrodes under the

same conditions are presented in Figures S16 and S17.
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Figure 4: Cyclic voltammograms recorded on Methane electrode in the Britton-Robinson buffer

at pH range 2 — 9 at the scan rate of 100 mV s-!



The presence of some oxygen-containing functionalities on the surface of graphene-based
materials can be found by cyclic voltammetry. Cyclic voltammograms of Methane, Methane/He
and Acetaldehyde electrodes were recorded in Britton-Robinson buffer in the pH range 2-9.
The cathodic peak at potential around -1.2 V was visible at all CV recorded at the Methane
electrode and Methane/He. CV recorded at the Acetaldehyde electrodes showed the cathodic
peak at a more negative potential value, except for pH 2, when only current due to hydrogen
evolution was noticeable. According to the literature [35], electrochemically reducible oxygen-
containing functionalities are the peroxy (at -0.7 V), aldehyde (at-1.0 V), epoxy (at -1.5 V) and
carbonyl (at -2.0 V). Shifting toward negative potential might indicate a higher amount of
carbonyl group. Other researchers [36] suggested that negative polarization down to -1.5 V

involves a reduction of epoxy and carbonyl groups.

At the foot of the current rise due to the oxygen evolution process, the anodic wave can be seen

at the marginal pH value used. This process might be ascribed to the oxidation of the phenol
group.
Cyclic voltammograms recorded in the presence of 4-NP and 3-NP for the Methane electrode

are presented in Figures 5a and b.
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Figure 5: Cyclic voltammograms recorded at Methane electrode at scan rate 100 mV s in pH

range of 2 -9 for oxidation of a) 3-NP and b) 4-NP. The concentration of nitrophenol was ImM.

The cyclic voltammograms recorded for Methane/He and Acetaldehyde are given in

Supplementary data in Figures S18 and S19.

The dependence of peak potential and peak current for oxidation of 3-NP and 4-NP on pH value

is presented in Figures 6 a-d, for all investigated electrodes.

a) | 3-'7{" b) 4-NP
= Methane
1.24 = Methane 1.4 Methane/He
5 s Methane/He Acetaldehyde
= Acetaldehyde 5
¥ v
1.04 12
2
0.8 1 N~ " N
1.0 LI
T T T T 1 T T T T 1
2 4 6 8 10 2 4 6 8 10
pH pH
3-NP 4-NP
c) d) .
3 .
1.0 -
|}
2 S/ \
= - / xi /A
0.5 & / ° u
1 4 / ®
n
0-0 T T T T 1 0 T T T T 1
2 4 6 8 10 2 4 6 8 10
pH pH

Figure 6: Dependence of peak potential and peak current on pH for oxidation of 1 mM 3-NP
and 1 mM 4-NP on investigated graphene electrodes

The peak potential shifted to lower values with the increase in pH value. The values of slopes
for the Ep vs. pH plot were in the range of 62 to 69 mV pH-! for both 3-NP and 4-NP. These
values are close to the value of 59 mV pH-!, expected for the redox process with an equal
number of protons and electrons exchanged. The peak potential of 4-NP oxidation was not pH
dependent for pH values above 7, as can be expected since the pKa value of 4-NP is 7.2. The
peak potential of 3-NP oxidation was pH dependent in the whole investigated pH range (the
pKa value of 3-NP is 8.4).



The minimum current for 4-NP was obtained at pH 6 for Methane, while for 3-NP at pH 7. The
currents obtained for the Acetaldehyde electrode were significantly lower than the currents
obtained for the Methane and Methane/He electrodes in the pH range of 2-7. The currents
obtained at pH 8 were comparable for all investigated electrodes. The dependence of peak
current on pH value depended on two factors: the influence of pH on the surface groups of
electrodes and the form of nitrophenols at given pH (protonated or deprotonated). The minimum
current was probably obtained for pH values when the electrostatic repulsion between the
electrode surface and nitrophenol was highest and the concentration of H* ions required proton-

electron coupled reaction was lowest.
3.6 Electrochemical reduction of 4-NP and 3-NP

The cyclic voltammograms of reduction of 3-NP and 4-NP on the Methane electrode are

presented in Figures 7a and 7b. Figures 7c¢ and 7d represent the second cycle.
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Figure 7: Cyclic voltammograms of electroreduction of a) I mM 3-NP and b) 1 mM 4-NP on
Methane electrode recorded in the Britton-Robinson buffer at pH 5 at the scan rate of 100 mV

s'; ¢) and d) second cycles recorded under the same conditions

The cyclic voltammograms of 3-NP and 4-NP electro-reduction are presented in Supplementary
data as Figures S20 and S21. The scanning was performed toward negative potential as
indicated with the arrow. In the negative going scan the cathodic peak due to the reduction of
3-nitrophenol is followed by the reduction peak of the oxygen functional group of graphene.
The reduction peak of 4-NP was not clearly resolved at all pH values because it was shifted
toward more negative values, overlapping with the reduction peak of the oxygen functional
group of graphene. As opposed to the oxidation current, 3-NP reduction currents obtained for
these three electrodes were not significantly different. The highest current of 3-NP reduction

was obtained at pH 5 and 4-NP at pH 6 for all investigated electrodes.

In the forward-going scan, the anodic peak appeared due to the oxidation of the nitrophenol
intermediate formed during a reduction in the negative scan. In the second cycle, another
cathodic peak appears at a potential range of 0.2 to -0.2 for 4-NP and -0.1 to -0.4 for 3-NP,
corresponding to the reduction of the intermediate. The peak current P1 decreased as a
consequence of the electrode fouling by-products of nitrophenol electro-reduction. According

to the literature data, these peaks can be ascribed to the following steps [37]:
P1: -NO, + 4e¢ + 4H* —» -NHOH + H,0 (4)
P2/P3: -NHOH < -NO + 2H* + 2. (5)

The dependence of the peak potential of P3 peak for 3-NP and 4-NP on pH value is presented
in Figure 8, for all investigated electrodes. The potential of the reaction depends on the pH

according to the equation [29]:

E,=—2303""pH (6)

where m and n are the number of protons and electrons involved in the oxidation, respectively,

R is the gas constant, T is the temperature, and F is the Faraday constant.

If the mechanism follows equations (4) and (5), the expected slope value is 59 mV pH-!. The
values of slopes for the Ep vs. pH plot were 48 mV pH-! and 102 mV pH-! for 3-NP and 4-NP,

respectively.
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Figure 8: Dependence of peak potential P3 on pH for 3-NP and 4-NP on investigated graphene

electrodes

The values obtained for 3-NP and 4-NP showed that oxidation of their intermediate followed
different pathways. The mechanisms for the 3-NP intermediate followed the 1H"2e- pathway,
while the 4-NP intermediate followed the 2H*1e" pathway. The reduction of nitrophenols occurs
at the potential of reduction of oxygen-containing functionalities causing the formation of
different intermediate species. The different response can be explained through the combination
effects of different resonance structures and their interaction with the graphene surface groups.
The difference of reactivity of aminophenol isomers with the graphene surface was reported by

Gao et al [38]

The difference in peak potential for the P3 process for 3-NP and 4-NP was exploited for their
simultaneous determination. The determination was performed by square wave voltammetry
under optimized conditions. In order for the intermediate to be available for reduction, the

electrode was polarized at a negative potential of -1.2 V for 30 s. The recording was performed



with the following parameters: amplitude 0.06 V, step 0.005 V and frequency 25 Hz. Square
wave voltammograms obtained for the detection of equimolar concentrations of 3-NP and 4-
NP in the concentration range of 10 uM to 1 mM are presented in Figure 9a, while the

calibration plot is presented in Figure 9b.

The current response for 3-NP was linear in the concentration range from 10 to 1000 pM with
the linear regression equation: I, (LA) = -0.0819 + 0.0053 x Csxp (uM); (R? = 0.9971). The
current response for 4-NP was linear in the concentration range from 10 to 500 uM with the

linear regression equation: I, (1A) = 0.0596 + 0.0013 x Cynp (M) ; (R2=0.9936).
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Figure 9: a) Square wave voltammograms recorded at pH 5 for the equimolar concentration of

3-NP and 4-NP in the concentration range 10 to 1000 uM; b) calibration plot

The comparison of the analytical performance of the Methane electrode for electrochemical
sensing of 3-NP and 4-NP with that of other graphene-based electrodes reported in the literature

is presented in Table 2.

Table 2: Comparison of the analytical performance at various graphene-based electrodes in the

determination of 3-NP and 4-NP.

Electrode Linear range (uM) 3-NP  Linear range (uM) 4-NP  Reference
RGO/GCE 50-800 [39]
NiO-NPs-0-CD-rGO-GCE 1-10 [40]
PDPP-GO/GCE 0.5-163 [41]
ERGO/CTAB 0.5-100 [42]
GR/ABPE 0.02-100 [43]
GR-CS/GCE 0.1-140 [44]
SBCD-rGO/GCE 0.1-800 0.1-700 [45]

Methane derived graphene 10-1000 10-500 This work




The review of literature data shows that the obtained sensitivity and linear concentration range
are somewhat below those obtained by other researchers using graphene. However, it should
be pointed out, that graphene used for these measurements was not modified in any manner.
Furthermore, there is very little literature data on the simultaneous detection of nitrophenol

derivatives using graphene-based electrodes.
5. Conclusions

Herein, the electrochemical properties of the electrodes based on the graphene were presented
and discussed. The graphene was obtained via continuous method in RF thermal plasma from
various organic precursors. The materials exhibit nanoflake morphology and contain oxygen
moieties, found with XPS. The present work showed that the electroactivity of synthesized
graphene depended on the selected precursor. The electrochemical characterization showed that
the electrode kinetics of [Fe(CN)g]*>- and [Ru(NHj3)s]*"2" probe on graphene electrodes
depended on the number of edge sites and the amount of oxygen. The highest activity for both
redox probes was obtained for samples containing oxygen in the amount of 3-4 atomic % of
surface composition. Additionally, the type of carbon-oxygenated species also influenced the
response of investigated graphene electrodes. Species C=0 and C-O-C had a positive effect on
the charge transfer kinetics for both redox probes, while C—-O—-C in ester, OH in the carboxyl
and C-OH had a negative effect. The best performance for nitrophenol detection was obtained
for graphene obtained from methane, i.e. the sample with the highest content of edge sites and
the adequate surface composition. However, another analyte might require graphene with
different properties. The choice of the right precursor might deliver the graphene with the right

set of properties for certain analytes.
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