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Green synthesis and characterization of nitrogen doped reduced graphene oxide
nanosheets as electrode material for direct ethanol fuel cell
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Nitrogen doped reduced graphene oxide (NRGO) nanosheets are synthesized by
electrochemical etching and hydrothermal synthesis techniques. NRGO prepared at
different reaction times and nitrogen precursor concentrations are analyzed
electrochemically. The optimized sample is then structurally analyzed by X-Ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), and optical
properties are studied by Raman Spectroscopy. The structure and morphology are studied
using High-resolution transmission electron spectroscopy (HRTEM) and Field emission
scanning electron microscopy (FESEM). Thermal stability of the samples is analyzed by
Thermogravimetric analysis (TGA). The electrochemical studies reveal the electrocatalytic
activity of NRGO for ethanol oxidation, thus making a superior metal-free catalyst for fuel
cells.
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1. Introduction

There are several interconnected environmental challenges the world is facing today:
population growth, pollution, global warming, and the green energy requirement. Power is
required for daily household activities, transportation, industries, electronic devices, and storage
devices [1], [2], [3]. Rapid population growth leads to over consumption of natural resources,
causing more pollution and greenhouse gas emissions from industrial activities. Renewable energy
transition is crucial for mitigating global warming, enhancing air quality, as well as ensuring future
sustainability. Prioritizing green energy and environmental stewardship is vital for our planet's
health. Fuel cells (FCs), an electrochemical energy production device, are increasingly becoming a
potential green energy source. FCs have been attracting considerable attention because of their
capacity to efficiently convert the chemical energy of different fuels into electric energy with
utmost efficiency and minimal emissions. FCs can run without releasing pollutants like oxides of
nitrogen, carbon, and sulfur, making them an environmentally acceptable power source. They are
characterized by several features that make them an attractive technology for the clean and
efficient generation of power. High current output density, clean electricity generation, high
efficiency, quick response, fuel flexibility, and quiet operation all combine to establish these
systems as a sustainable alternative to traditional power generation methods[4]. Therefore, it
follows that FCs are suitable for a range of applications ranging from portable (consumer
applications such as power supplies for mobile phones or tablet computers; power supply for
recreational vehicles or caravans; energy supply for remote sensors with limited access) to
stationary (prime power, commercial and residential combined heat and power, and uninterrupted
power supply) ones [5].
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In fuel cells, carbon-based materials play a significant role in the operation and efficacy of
fuel cells. They principally serve as supports for catalysts to accelerate electrochemical reactions
necessary for the fuel cell operation. The importance of carbon materials originates from their
large surface area, electrical conductivity, and adjustable porosity required for optimizing the
performance of catalysts in the cells. A main use of carbon materials in fuel cells is providing
support for metal catalysts, which are essential in oxygen reduction reaction (ORR) and fuel
oxidation processes. Carbon black, carbon nanotubes, and graphene provide larger surfaces on
which metal nanoparticles can be dispersed, thereby enhancing their overall catalytic activity [6],
[7]. Properties such as pore size and morphology of these materials that act as support structures
have a significant impact on the electrochemical performance of catalysts. In particular,
mesoporous and microporous carbons enhance reactant accessibility to active sites on the catalyst
[6], [8]. Moreover, the utilization of functional carbon materials will increase the electrocatalytic
activity through optimizing the catalyst-reactant interaction[9]. However, the durability of carbon-
based materials at fuel cell operating conditions is a paramount concern. Carbon supports are
oxidized, especially at high potentials, and this leads to degradation and loss of catalytic activity
[10], [11]. This mechanism is aggravated by fuel cycling, where the metal particles aggregate due
to carbon corrosion, resulting in a decrease in their electrochemical surface area (ECSA) [12].
Studies have established that the stability of carbon supports can be advanced by using novel
materials such as nitrogen-doped carbon nanotubes, which enhance both their electrocatalytic
properties and stability as well [13].

Reduced graphene oxide (rGO) is a vital material in fuel cell electrode development due to
its distinctive characteristics that improve the electrochemical efficiency and stability of fuel cells.
The integration of rGO into fuel cell designs addresses several important challenges, including the
need for efficient electrocatalysts, improved conductivity, and enhanced durability under
operational conditions. One of the most significant advantages of rGO is its large surface area that
promotes the dispersion of active catalytic materials. This feature is very crucial in optimizing the
electrocatalytic activity of fuel cells, especially for ORR and fuel oxidation [14], [15]. The huge
theoretical surface area of around 2630 m?g™! estimated for rGO allows it to have numerous active
sites needed for catalytic reactions, thereby improving the overall efficiency of the fuel cells [15].
Moreover, during the process of reducing graphene oxide (GO) to rGO, many functional groups
that contain oxygen are eliminated, thus enhancing electronic conductivity, which makes them
suitable as electrodes [16]. Apart from being a catalyst support, rGO could also improve the
overall architecture of fuel cell electrodes. Inclusion of rGO in electrode materials can increase
their mechanical strength and flexibility, an attribute that is important for maintaining structural
integrity at different operational conditions [17]. The rGO can aid better contact with electrolyte,
hence improved ion transfer and general fuel cell electrochemical performance [16]. Further
improvement in the electrochemical properties of rGO can be achieved by doping with other
elements such as nitrogen. NRGO has shown improved fuel cell electrocatalysis, particularly in
alkaline media, where it enhances ORR[18]. The introduction of nitrogen into the rGO structure
creates additional active sites that can participate in the electrochemical reactions, thereby
increasing the efficiency of the electrode[18], [19]. This modification not only increases catalytic
activity but also helps to ensure the integrity of the electrode material during operations.

The carbon structures are modified by nitrogen doping by hydrothermal method for
nitrogen-doped graphene quantum dots in ammonia [20], treatment with nitrogen plasma [21], wet
chemical nitrogen doping [22], and solvothermal technique [23]. XPS analysis shows that the
nitrogen binding to the carbon structure takes place as three distinct types, namely pyridinic-N,
pyrrolic-N, and graphitic-N centers [24], [25], [26]. The electronegativity of nitrogen is higher
than compared of carbon; therefore, nitrogen has a tendency to attract electrons from carbon
atoms. Thus, nitrogen centers are high in electron density and provide electrons necessary to
improve the electrochemical efficiency [20]. Many researchers have synthesized NRGO-supported
metal catalysts for fuel cell applications. He et al. [27] used lyophilization-assisted and mild N-
doping methods to synthesize NRGO and used it as a catalyst support. Insight from the
electrochemical tests reveals that ECSA, electrochemical activity, and oxygen reduction capability
of Pt nanoparticles supported on the NRGO are better than those of the regular Pt/GO and Pt/C
catalysts. New horizons have been made regarding the role of support in stability enhancing of Pt
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nanoparticles because of (1) improved distribution of Pt particles on NRGO, (2) enhanced
electrical conductivity, and (3) nitrogen itself acts as a catalyst during ORR when Pt nanoparticles
aggregate on NRGO. Kakaei et al. [28] synthesized NRGO nanosheets using the electrochemical
method, and Pd nanoparticles were later decorated onto their surface. The synthesized PdA/NRGO
shows better electrocatalytic activity for ORR and ethanol oxidation. The reason behind the
superior performance of Pd/NRGO is an increase in the ECSA due to nitrogen doping. The
membrane electrode assembly (MEA) was fabricated using PA/NRGO in alkaline direct ethanol
fuel cells. The maximum power output obtained is 31.5 mW cm™.

Emphasis has been put on synthesizing metal-free catalysts because of the degradation of
catalysts due to metal agglomeration [29], [30]. Lu et al. [31] have fabricated metal-free NRGO
and studied the electrochemical properties. In this study, a simple and cost-effective route is used
to synthesize nitrogen-doped reduced graphene oxide (NRGO), which was realized through
catalyst-free thermal annealing of 5-aminotetrazole monohydrate (AM). Optimized parameters
with the 1:25 ratio of GO to AM and annealing at 700°C, forming NRGO containing
approximately up to 10.6% nitrogen content. The NRGO displays a remarkable electrocatalytic
performance for ORR in alkaline electrolytes, and it outperforms commercial Pt/C catalysts.
Farzaneh et al. [32] studied passive direct methanol fuel cells for cathode electrocatalyst using
hydrothermally produced NRGO to be compared with commercial Pt/C. NRGO cathode tolerates
higher optimal methanol concentration than the commercial Pt/C, making its performance far
exceed that of Pt/C by offering 208% power density, 269% fuel efficiency, and better current
stability rate (77%) at the same amount of methanol used. Farzaneh et al. [33] reported the role of
the type of N-bonding in the graphitic network in ORR performance. It is noted that at low
potentials, the N content enhances the performance irrespective of the bonding configuration;
however, at high potentials, pyridinic N content contributes significantly to ORR due to activation
of their lone pair of electrons. The inhomogeneous embedding of nitrogen atoms in the graphitic
arrays of rGO promotes the formation of numerous defects, which may expose edges and planar
sites, thereby increasing the ability of the catalyst to adsorb molecular oxygen for higher ORR
activity [34].

In this work, we have synthesized rGO directly from graphite using a one-step
electrochemical etching method and NRGO using the hydrothermal synthesis method. Urea is
used as a precursor for nitrogen doping. The prepared samples are electrochemically characterized
in an alkaline medium, using KOH as electrolyte to check their performance. The structural
properties, like morphology and crystallite size, are analyzed through XRD, HRTEM, FE-SEM,
and FTIR. The thermal stability of NRGO is examined through TGA. Optical properties and
electrochemical properties are also studied for NRGO.

2. Experimental

2.1. Materials

The graphite rods were acquired from SnG Lab Supplies with 99% purity. Lemons were
purchased from a local market. Urea (CO(NH:),, acetone (CsHeO), ethanol (C,HsOH), and
potassium hydroxide (KOH) were procured from Qualigens Fine Chemicals. All solutions were
prepared in deionized (DI) water.

2.2. Synthesis of rGO

The rGO was synthesized by electrochemical etching of graphite rods through a single-
step green synthesis method. Two graphite rods, one acting as a cathode and the other as an anode,
were connected to a DC regulated power supply. Filtered lemon juice in DI water was used as an
electrolyte for the exfoliation of the outer surface of the graphite rod connected to the anode. Citric
acid present in the lemon juice acted as the etchant. Figure 1 represents the schematic diagram of
the experimental setup used to synthesize rGO. Various reaction settings were optimized by a
series of reactions in which one parameter was altered, keeping the rest of the parameters fixed.
For each reaction, lemon juice was added to DI water to make a 100 ml solution, and a potential
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was applied across the electrodes. The reaction mechanism governing the formation of reduced
graphene oxide is as follows:

CoHgOy + 3H,0 - CyHs 03~ + 3H,0* (1)

In an electrolytic cell, the reduction reaction occurs at the cathode, where electrons are
used up to form hydronium ions (H;07") and hydrogen gas or hydroxide ions are released into the
solution. Furthermore, water dissociation produced some hydroxide ions. At the anode,
nucleophile OH™ ions were interposed into the carbon layers of the graphite rod. The positive
charge on the electrode surface attracted negative ions and caused a swelling on the outer layer of
the electrode in the form of sheets. These rGO sheets are then settled at the bottom of the cell in
the form of black powder. The powdered material is then filtered out and washed multiple times
with DI water to filter out ionic impurities. Lastly, the material is dried overnight in an oven at
60°C [35].

Graphite rods

Regulated Power
Supply

Voltage adjust

Course Fine ?

Cathode Anode rGO

Fig. 1. Experimental setup to synthesize rGO using graphite rods.

2.3. Synthesis of NRGO

NRGO was synthesized using the hydrothermal synthesis method. To synthesize NRGO,
100 mg rGO was mixed with a 100 mM solution of urea, followed by sonication for 15 minutes.
The dispersed solution was then shifted into a Teflon-lined 100 ml autoclave and heated in an oven
at 150°C. All the prepared samples were separated using a filter paper and washed with DI water
to eliminate the unreacted ionic species. The filtered samples are then transferred into an oven at
80°C for overnight drying.

2.4. Characterization of NRGO

The synthesized material is structurally characterized using Panalytical X’Pert Pro XRD
equipment consisting of theta theta goniometer with a range of 20 = 0° to 160°. The instrument
is equipped with a monochromatic Cu-Ka radiation source (1.5406 A) with Ni metal as beta filter
and x’Celerator solid state detector. FTIR is performed using a Bruker Alpha ATR-FTIR
spectrophotometer. Raman Spectroscopy is performed using Alpha300RA model using a 532 nm
diode pumped solid state laser. The spectrograms are recorded at an output power of 35 mW. TGA
is performed on Perkin Elmer STA 6000 from room temperature to 800°C with a temperature step
of 10°C per minute in an air atmosphere. Morphology of the prepared sample is studied through
HRTEM (Jeol; Model: JEM 2100 plus) and FESEM (Hitachi, Japan; Model: SU8010 series).

2.5. Electrochemical characterization of NRGO

The electrochemical characterization has been performed using a three-electrode
configuration employing the Autolab type II potentiostat/galvanostat. These materials were tested
for cyclic voltammetry (CV) using the synthesized material as the working electrode deposited on
a glassy carbon electrode (GCE), counter electrode (platinum wire), and reference electrode
(Ag/AgCl). In this case, the electrolyte used is 1M KOH. In order to fabricate the catalyst ink, 10
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mg of the prepared sample is mixed with DI water and 100 uL isopropyl alcohol to make the total
volume 1 mL. The mixture is ultrasonicated for 60 minutes to obtain a well-dispersed solution.
Alumina slurry is used to clean and polish the GCE to remove any adsorbed species. Then, 3 uL of
catalyst ink is drop-cast onto the GCE and dried at room temperature before use.

3. Results and discussion

3.1. Optimized reaction conditions for the synthesis of rGO

The prepared rGO samples are optimized by comparing the ratio of D band to G band
(In/Ig) in Raman spectroscopy, often referred to as the intensity ratio, a very useful tool in
determining the degree of functionality expected from reduced graphene oxide (rGO) structures
for applications such as fuel cells. The D band observed around 1350 cm™ is due to the presence of
defects and disorders in the graphene lattice, while the G band around 1580 ¢cm™ corresponds to
the Ez, phonon mode of sp® hybridized carbon rings. The Ip/Ig ratio reflects the movement of the
graphitic planes and the extent of defects within the axes; an increase in the ratio represents
increased disorder and a reduction in sp* domains. In case of fuel cell application, the Ip/Ig ratio is
even more important since it affects the rGO electrical conductance and therefore the
electrochemical properties of the material. As such, rGO with a high Ip/Ig ratio is reported to have
good electrochemical properties and thus can be used as a prospective material for fuel cell
electrodes [36]. The Ip/lg ratio, which is illustrative of the level of defects in rGO composition,
helps in improving the reactivity of the material and the number of active sites available for
electrochemical reactions, such as in fuel cells [37].

3.1.1. Variation with applied potential

The rGO nanosheets are prepared by the electrochemical etching method using graphite
rods as electrodes and lemon juice solution as electrolyte with application of a constant DC
potential. Applied potential plays an important role in finding the number of layers and the
percentage of graphitic nature of the material [35]. In the present work, different voltages were
applied to prepare three samples, viz 10 V, 12.5 V, and 15 V. Potentials were applied to different
electrolytic cells, keeping the reaction time of 3 hours and volume of lemon juice of 10 mL fixed.
The three samples prepared are characterized by Raman spectroscopy, and the spectrograms are
shown in Figure 2(a). In/Ig values for samples prepared at 10 V, 12.5 V, and 15 V are 0.78, 1.01,
and 0.90, respectively. The maximum intensity ratio is observed for rGO prepared at 12.5 V.

3.1.2. Variation with reaction time

The effect of reaction time ranging from 2 h-5 h was observed at a fixed potential of 12.5
V and 10 mL of lemon juice in 100 mL solution. At a reaction time of 5 hours, a larger Ip/Ig of
0.93 was achieved (Table 1). This behavior could be attributed to the introduction of defects into
the otherwise ideal sp? hybridized structure of tGO as the reaction time is increased. Figure 2(b)
shows the Raman spectrographs of rGO prepared at different reaction times.

3.1.3. Variation with concentration of electrolyte

In 100 mL of solution, the volume of lemon juice is varied from 5 mL to 25 mL, and
separate reactions are allowed to proceed at an applied potential of 12.5 V for 5 hours. The
maximum Ip/lg is observed for the lowest concentration of lemon juice. With an increase in the
concentration, a decrease in the intensity ratio is observed. Since the intensity ratio for GO is
usually lower than reduced graphene oxide [38], with an increase in the concentration of lemon
juice, excessive oxygen-containing functional groups might be attached to the rGO structure,
resulting in a decrease in the intensity ratio. Raman spectrographs with concentration variation are
shown in Figure 2(c).
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Fig. 2. Raman spectra of rGO showing variation in the intensities of D and G bands with variation in (a)
applied potential, (b) reaction time, and (c) concentration of electrolyte (Inset: Raman spectra of rGO
prepared using 15 mL lemon juice in electrolyte solution). Variation in one parameter is studied while

keeping the other two fixed.

Table 1. Optimization of reaction parameters for the synthesis of rGO.

Voltage Optimization

Voltage (V) Reaction time (h) Volume of lemon juice (mL) | Ip/lg
10 3 10 0.78
12.5 3 10 1.01
15 3 10 0.90
Time Optimization

Voltage (V) Reaction time (h) Volume of lemon juice (mL) | Ip/lg
12.5 2 10 0.89
12.5 3 10 0.67
12.5 4 10 0.89
12.5 5 10 0.93
Concentration Optimization

Voltage (V) Reaction time (h) Volume of lemon juice (mL) | In/Ig
12.5 5 5 1.09
12.5 5 10 0.97
12.5 5 15 0.89
12.5 5 20 0.78
12.5 5 25 0.88
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3.2. Characterization of NRGO

XRD helps to study and analyze the crystal structure and lattice parameters. Pure graphite
has a sharp crystalline peak at 26~26° [39], [40]corresponding to (002) plane, which is shifted to a
lower angle (20~10°) for GO due to an increase in the interplanar spacing due to the presence of

additional functional groups that contain oxygen [41]. This inverse relation is governed by Bragg’s
law as shown below:

ni
d= s 2)

where d is interplanar spacing, A is the incident wavelength (1.5406), and 0 is the diffraction
angle. Since in rGO the oxygen-containing functional groups are reduced, restoration of sp?
hybridized graphene structure leads to a prominent peak at 20 = 25.52° corresponding to the (002)
plane as shown in Figure 3(a). A non-significant peak centered at 43.52° is also observed, which
corresponds to the (100) plane. A similar diffractogram is observed for NRGO, showing two peaks
centered at 25.89° and 44.68° corresponding to (002) and (100) planes of rGO but exhibiting
higher intensity as compared to rGO.

The average crystallite size (D) is calculated for the most prominent peaks of rGO and
NRGO using the Debye-Scherrer equation:

b= Lcos6 (3)
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Fig. 3. (a) XRD spectra, (b) Raman Spectra, (c) FTIR of rGO and NRGO, and (d) TGA of NRGO under air
atmosphere at a flow rate of 10 °C per minute.

Here k is a constant taken as 0.9 and S is full width at half maximum. Crystallinity index
(Cy) is calculated for both samples using the following formula:



256

C[ _ Area of crystalline peaks + 100 (4)

" Area under all peaks (crystalline+amorphous)

The various crystallographic parameters, along with crystallite size, are provided in Table
2. The d-spacing and crystallite size of rGO are comparable to NRGO. The crystallinity index of
NRGO is better compared to rGO, which could be linked to a larger crystallite size for NRGO.
The electrochemical performance of a fuel cell is also influenced by the crystallinity and surface
area of the catalyst.

Table 2. Crystallographic parameters of rGO and NRGO.

Sample 2Theta(degrees) | FWHM d-spacing Crystallite Ci (%)
(degrees) (A) size(nm)

RGO 25.52 3.898 3.49 2.10 52.79

NRGO 25.89 3.491 3.45 2.33 68.47

Given the versatility of Raman spectroscopy, it has become a characterizing method for
carbon-based materials. The G band and D band are the two most important Raman bands of rGO,
which are related to different phonon modes and different processes. In Figure 3(b), the G band for
rGO appears at the frequency 1584 ¢cm™ which is related to the generation of E2g phonon due to
the vibration of the carbon atoms within the plane oriented towards the Brillouin zone center. The
D band is centered at 1350 cm™ which reflects the disorder-induced or defect-active mode related
to sp? carbon contained in graphitic systems. The D and G bands for NRGO are centered at 1350
cm! and 1576 cm! respectively. A red shift in the G band is observed for NRGO, indicative of the
restoration of sp? network in rGO, which is also justified by the intensity ratios of rGO (1.09) and
NRGO (0.98). Apart from these two bands, additional broad bands around 2700 cm™! to 2900 ¢cm'!
called the 2D band and the D+G band, are observed. The 2D band is the second-order overtone
effect of the D band. Further, the Tuinstra-Koenig relation demonstrates the relationship between
the crystallite size obtained from XRD and the intensity ratio from Raman spectroscopy of
disordered graphitic carbon [42]. According to the relation, crystallite size is inversely
proportional to the intensity ratio. The crystallite size and intensity ratios of rGO are 2.10 nm and
1.09, and NRGO are 2.33 nm and 0.98. These results agree with the Tuinstra Koenig relation.

FTIR is a non-destructive technique that helps in determining the type of functional groups
present in the given material. Figure 3(c) represents the FTIR spectrum of GO and NRGO. The
broad band centered at 3500 cm™ in the spectrum of rGO is due to the presence of the hydroxyl
group present in alcohol and carboxylic acid. The peak at 1624 cm™ is the characteristic peak of
C=C bond, and a less intense peak at 1374 cm™ is due to C-H bending vibrations. A broad peak at
1104 cm™ is caused by the C-O bond stretching of the alkoxy group. Additional peaks are present
in the FTIR spectrum of NRGO due to the presence of nitrogen atoms in the rGO matrix. Peaks
present at 3865 cm™ and 3669 cm™! are due to the primary amine stretch. Peaks at 2354 cm™! and
1542 cm! correspond to the aliphatic nitrile group and C=N stretching vibrations. The presence of
the amide group is confirmed by a peak at 1693 cm™'. A prominent peak at 1219 cm!is due to the
C-O-C epoxy group [43]. All the peaks below 1000 cm™ suggest the presence of unsaturated
carbon (C=C bond) and C-H wagging vibrations.

TGA was performed to study and analyze the stability of NRGO under air at a heating rate
of 10 °C min!. Figure 3(d) shows the TGA curve of NRGO. Two stages of weight loss are
observed in the graph. The first weight loss of 20% begins at 317 °C and can be ascribed to the
removal of water molecules from NRGO. The second weight loss is observed at 524 °C because of
the removal of oxygen present in the functional groups and burning of the carbon skeleton. TGA
graph reveals that NRGO is a suitable material to fabricate electrodes for low-temperature fuel
cell.
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Surface morphology was studied using HRTEM and FESEM. Figure 4 shows the electron
microscopy images. A sheet-like structure with random aggregations is observed from the FESEM
image (Figure 4(a)). HRTEM images show the stacking of a few layers of doped reduced graphene
oxide sheets. Stacking of layers of the prepared samples is also evident from the 2D band observed
in Raman spectra. NRGO sheets exhibit a wrinkled surface incorporated during the reduction of
carbonyl and carboxylic groups. Figure 4(c-g) represents the elemental mapping of NRGO,
confirming the presence of carbon, oxygen, and successful doping of nitrogen. Energy dispersive
X-ray analysis (EDX) depicts the elemental composition of NRGO (Figure 4(h)). The measured
atomic percentages of C, O, and N are 85.22%, 10.77%, and 4.01%, respectively.

| Man data 4130 v

MAG: 22 0kx HV: 15kW WD,
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SE MAG: 22.0kx HV: 15kV WD: 15mm

Fig. 4. Structure and morphology of prepared NRGO (a) FESEM (inset: higher magnification), (b) HRTEM
(inset: higher magnification), (c-g) elemental mapping of NRGO confirming the presence of C, O, and N in
the prepared samples, and (h) EDX mapping of NRGO.
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3.3. Electrochemical characterization of NRGO

The prepared NRGO sample was electrochemically characterized by cyclic voltammetry
using a three-electrode setup with a platinum electrode as the counter electrode and Ag/AgCl as a
reference electrode. Figure 5(a) shows the CV curve for NRGO modified GCE in 1 M KOH
solution at a sweep rate of 100 mVs™!. There are no prominent peaks observed during the scan.
During the anodic scan, OH ions from the electrolyte are adsorbed onto the surface of NRGO,
leading to oxidation. The cathodic scan explains the desorption of OH™ ions. To test the catalytic
activity of NRGO, ethanol is added to the KOH solution. Ethanol is one of the most studied fuels,
as its oxidation is used as a simple model reaction for complex fuels used in fuel cells [44] NRGO
nanosheets catalyze the ethanol oxidation reaction through the direct pathway. Figure 5(b) is the
CV scan for ethanol electrooxidation in a mixture of 1 M KOH and 1 M ethanol on NRGO
modified GCE at a scan rate of 100 mVs™!. A distinct reduction peak has been observed at -0.5 V
(vs Ag/AgCl). These observations are indicative of the efficient electrocatalytic activity of the
prepared NRGO sheets towards ORR. The electrooxidation of ethanol manifests itself in the
transfer of electrons from the alcohol to the electrocatalyst, which is in the form of an electrode.
The adsorption mechanism, which is the interaction between molecules of alcohol and the surface
of the catalyst, also affects the speed and selectivity of the reaction. The adsorption is categorized
into two types, namely physisorption, where weak van der Waals bonds are involved, and
chemisorption, where strong covalent bonds are created [45]. The adsorption energy denotes the
affinity that exists between the adsorbates and the adsorbent surface and is defined as the energy
difference before and after the adsorption, thus indicative of adsorption stability [46]. NRGO has
good electrical conductivity and provides a large surface area for electrochemical reactions to
occur. The processes of ethanol oxidation through NRGO catalysts primarily depend on the
physical properties, such as exposed surface, composition, morphology, and reactivity. The most
likely steps involved in the electrooxidation of ethanol are as follows: ethanol molecules are
adsorbed on to the surface of the electrocatalyst, the adsorbed alcohol molecules are
dehydrogenated and converted into CO and H,O, CO is further oxidized into CO», and gaseous
products CO; and H,O are desorbed from the active sites of the catalyst [47].
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Fig. 5. Cyclic voltammetry curves (using three electrode electrochemical workstation with platinum as
counter electrode, Ag/AgCl as reference electrode, and NRGO modified GCE as working electrode) in (a)
IM KOH, (b) IM KOH and IM ethanol at a scan rate of 100 mVs™'.
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Fig. 6. Effect of fuel and electrolyte concentration on the forward cyclic voltammetry scans using NRGO as
electrode at a scan rate of 100 mVs™.

Reduced graphene oxide-based electrodes are known for their excellent ability to catalyze
and promote the electrooxidation of alcohols [48]. Figure 6(a) demonstrates the effect of varying
the concentration of KOH on electrooxidation with a fixed ethanol concentration of 0.5 M. The
anodic peak current density increases along with increasing concentrations of KOH, until it
reaches a maximum at 0.4 M. Increasing concentration of KOH beyond this level is found to have
a negative effect on current density. An increase in KOH concentration at the initial stage certainly
assists in the adsorption and ethanol oxidation on the NRGO active sites. However, if KOH
concentration is very high, there are too few active sites on the NRGO surface for ethanol
electrooxidation, and increases in KOH concentration lead to domination of OH adsorption. In
this scenario, there may be no difference between active sites for ethanol and OH™ on the NRGO
surface. This competitive adsorption process leads to a reduction in active sites for ethanol. Figure
6(b) shows the CV curves for NRGO at different concentrations of ethanol. The efficiency and
selectivity of the reaction can be estimated by the adsorption and dissociation process. Thus,
adsorption of reactants and intermediates is vital for the electrocatalytic oxidation of ethanol.
Hence, optimization of ethanol concentration is one of the critical factors. KOH concentration is
kept constant at 0.5M while the concentration of alcohol is increased from 0.2 M to 1.0 M. As
shown in Figure 6(b), NRGO demonstrates a maximum peak current density at 0.4M ethanol
concentration, suggesting an optimum concentration for electrochemical activity. With further
increase in the concentration of ethanol, saturation of electrochemically active sites with ethanol
hinders the adsorption of hydroxyl groups [49].

Figure 7 shows the effect of varying scan rate on the peak current density, demonstrating
the catalytic efficacy of NRGO with increasing scan rate. In the case of high scan rates, the
diffusion process dominates the reaction rate, and therefore, there is an accumulation of
electrolytic ions at the interface, while only a smaller fraction takes part in the charge transfer
reaction [50]. A plot of peak current density (i) vs square root of scan rate (v'?) is linear,
indicating the electrooxidation process to be diffusion-controlled. The electrochemical active
surface area (ECSA) is calculated using the Randles-Sevcik equation:

anD)l/2 (5)

i = 0.4463nFAC (
RT

where n is the number of electrons exchanged in an electrochemical reaction; F and R are
Faraday’s and Gas constants; A, C, and D are ECSA, concentration, and diffusion constant of fuel,
respectively. The ECSA calculated for prepared NRGO nanosheets is 22.08 cm?g!.
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Fig. 7. Variation of peak current density against v'°. The linear relationship demonstrates the diffusion-
controlled electrooxidation process.

4. Conclusion

Reduced graphene oxide and nitrogen-doped reduced graphene oxide are synthesized via a
green route using electrochemical etching and hydrothermal synthesis methods. The prepared
samples are structurally and optically characterized by XRD, FTIR, and Raman spectroscopy. The
XRD results indicated the crystallite size of approximately 2 nm. The Raman spectra show two
broad bands, viz D band and G band, specific to carbon materials. The thermal stability of the
sample is determined using TGA. The morphology of the samples is examined through HRTEM
and FESEM. NRGO has a multiple-stacked sheet-like structure with rough surfaces. Such
structures are advantageous for catalytic activity. Electrochemical properties are studied using
cyclic voltammetry, revealing ECSA of 22.08 cm?g!. The dependence of catalytic activity and
performance of NRGO on fuel and electrolyte concentration is also studied. It is observed that the
optimum concentrations of both fuel and electrolyte are 0.4 M. These results indicate that the
green synthesis method for the production of rGO and NRGO leads to a good electrochemical
response in the oxidation of ethanol and acts as a potential method to produce electrodes for fuel
cells at a commercial level.
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