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Abstract Widespread availability of fuel cells is being de-
layed due to the scarcity and high expense of precious metal
catalysts, which presently provide the most efficient oxygen
reduction reaction (ORR). Research has shown efficient
electrocatalysis towards ORR from carbon materials offers a
possible alternative to precious metal catalysts. Increasing
focus is being given to the provision of graphene by the
reduction of graphene oxide (GO) as a facile method for
possible up-scaled production. Presented is a novel method
for the production of electrocatalytic graphene-like material,
involving the hydrothermal reduction of GO suspended in
0.1 M sulphuric acid (denoted as rGO H,SO,). The rGO
H,SO,4 sample provides a more efficient electron transfer
during ORR than GO reduction in hydrazine (denoted as
rGO N>Hy), a commonly employed, but toxic reducing agent.
The overall current observed from the rGO H,SO, preparation
is similar to that provided by rGO N,H, during diffusion-
controlled linear sweep voltammetry analysis. Oxygen reduc-
tion catalysis of the rGO H,SO, sample is seen to be promoted
by the incorporation of sulphur, along with the high level of
surface defects created after GO reduction. The diffusion-
dependent conditions of cyclic voltammetry analysis confirms
a pseudocapacitive response from the rGO preparations. The
stability of this pseudocapacitance is significant for all
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reduced graphene oxide (rGO) samples discussed, opening
the possible dual application of both electrical power genera-
tion and power storage capabilities.
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Introduction

The production of graphite oxide from graphite has been
possible for the last 150 years [1]. Hummer’s method pro-
duces graphite oxide that is susceptible to the intercalation of
aqueous solutions [2] causing the carbon lattice layers to
expand. The carbon atoms bound to an epoxy or a hydroxyl
group mostly are the sites of defective sp® carbon formation
after oxidation [3], inferring an interruption of the carbon
lattice sp” structure [4, 5]. The fraction of sp® carbon in fully
oxidised graphene oxide is ~0.80 [6], with ~38 % of carbon
atoms in a GO preparation consisting of C—O bonds of epoxy
and hydroxyl groups at the basal plane [6]. After GO reduc-
tion, the oxygen content dramatically decreases [3, 6, 7],
together with an increase in conductivity [8—10]. Some of
the most common chemicals used for reduction of graphene
oxide have been sodium borohydride and hydrazine [9, 11-13].
Graphene oxide reduced by hydrazine has a higher resistance
than graphene produced via other chemically based methods,
such as sodium borohydride [9, 14]. Hydrazine is a potent
antioxidant which effectively scavenges the abundant oxygen
functional groups present at the surface of carbon lattices [15].

The main types of reduction process employed in reducing
graphene oxide involve thermal or chemical treatment. Chem-
ical processing does not presently allow the level of GO
reduction to be easily controlled. Synergistic application of
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multiple chemical reductants, such as sodium borohydride
(NaBH,) and hydroquinone [16], can aid in the enhanced
delivery of functionalised graphitic material from reducing
GO. The mechanism of hydroquinone reduction of graphene
oxide is suggested to be because of the loss of one H" ion
providing monophenolate or two H" ions resulting in a
diphenolate ion [15, 17]. However, the toxic nature of hydra-
zine and sodium borohydride could render a high disposal cost
during industrial delivery of reduced graphene oxide.
Methods of thermal GO reduction are continually being eval-
uated to expedite the route to an effective mass production
method for graphene [18-22]. Thermal reduction of GO has
been obtained by varying the ambient gas (argon, hydrogen,
nitrogen, ammonia, ultra-high vacuum) or through a variation
in the heating source [3, 18, 22-29]. The degree of GO
reduction can be adjusted by varying the heating temperature
and treatment duration. Exfoliation by thermal expansion of
GO to deliver functionalised graphene sheets is dependent on
the decomposition rate of the oxygen groups [30]. When the
decomposition rate of the epoxy and hydroxyl groups exceeds
the diffusion rate of the gases released from the thermal
reduction treatment, a positive pressure is exerted between
the carbon lattice layers. When this pressure exerts a stronger
force than the van der Waals forces binding the stacked carbon
lattice layers, exfoliation occurs, providing few to single layer
functionalised graphene [30]. The main drawback of thermal-
ly reduced GO is the high energy requirements, which inhibit
up-scaling of a GO reduction process to an industrial level.
Hydrothermal reduction is a process whereby the thermal
treatment of GO is completed at high pressure within a sealed
vessel. The pH and temperature of a GO suspension influ-
ences structure and behaviour of the final rGO product
[31-33]. Other work has included the application of sulphuric
acid to assist the reduction of GO by NaBH, [34]. The
addition of sulphuric acid into GO solvent suspensions (N,N
"-dimethylformamide (DMF), dimethyl sulfoxide (DMSO))
has inferred significant electrochemical enhancement of the
resultant rGO product produced at room pressure [35]. The
reduction of GO by pure sulphur is due to a reaction with
hydrogen sulphide (H,S) and sulphurous acid (H,SO3), which
are reducing agents found from a sulphur solution [36]. Com-
plete GO reduction by pure sulphur is difficult to achieve [36].
GO reduction has resulted in graphene that is particularly
effective towards energy storage, facilitated by a high
supercapacitive behaviour [37]. Developments have also
highlighted the effectiveness of rGO as an electrocatalyst for
ORR [36, 38]. The reduction of GO by hydrazine is observed
to cause the incorporation of nitrogen into the graphene lattice
structure, along with a decrease in the oxygen functional
groups, which assist in promotion of electrocatalysis [11,
39]. The presence of nitrogen results from the formation of
hydrazides and hydrazones, which in turn are derived during
the interaction of hydrazine with lactones, anhydrides and
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quinone derivatives present at the graphene oxide surface
[15].

The thermal reduction of GO can successfully deliver
single graphene sheets [3], but a minimum temperature re-
quirement is estimated to be above 550 °C at room pressure
[30]. GO reduction in the present study is completed in
aqueous solution, as the hydrophilicity of GO allows a high
degree of solution intercalation between the carbon lattice
layers. This facilitates a high contact surface area during
rGO production [36, 40]. Also, the temperature is kept rela-
tively low during hydrothermal treatment, assisting in the
energy efficient provision of graphene. The novelty of this
study lies in the application of an aqueous sulphuric acid
solution during hydrothermal treatment, providing rGO which
exhibits significant ORR catalysis.

Experimental
Graphene oxide production

Graphene oxide was prepared via a modified Hummer’s
method [41-43]. Briefly, mixing of graphite (2.5 g) was done
with sodium nitrate (NaNOj3) (2 g), concentrated sulphuric
acid (70 ml) and potassium permanganate (KMnQOy,) (10 g).
The resultant mixture was heated to 50 °C for 6 hours, follow-
ed by overnight cooling and further subsequent heating to
35 °C. After cooling, a further portion of KMnO, (10 g) was
added and the reaction mixture was heated to 35 °C overnight.
This solution was then cooled to room temperature allowing
the safe addition of hydrogen peroxide (H,O;) (3 ml of
30 wt.%). Settling for 5 days assured cessation of the reduc-
tion reaction. The reaction sludge was isolated via centrifuga-
tion (3,000 rpm for 30 minutes) and re-suspended a further
four times in 3 wt.% sulphuric acid and 0.5 wt.% hydrogen
peroxide. The isolated GO sludge was suspended in distilled
water repeatedly until pH ~3 was obtained. The resultant
product was then suspended in distilled water (1 mg ml™")
and sonicated for 5 hours to ensure sufficient exfoliation to
graphene oxide. Afterwards, the GO solution was centrifuged
at 3,000 rpm for 30 minutes to isolate the graphene oxide
particulates. The supernatant was decanted after centrifugation,
allowing the graphene oxide to remain as a moist particulate
sludge. This graphene oxide sludge was then freeze-dried to
facilitate drying, while preventing coagulation of the particles.
The freeze-dried graphene oxide powder was then used for
assessment of the proposed hydrothermal reduction processes.

Reduction of graphene oxide
Reduction of freeze-dried GO was carried out at 190 °C for

12 h at high pressure in an air-tight general purpose
pressure vessel (Parr Instruments, USA; Part No.
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236HC10TCT316121402; Serial No. 26905). The hot plate
assembly controls the temperature of the internal hydrother-
mal chamber via an in -situ thermostat. All GO suspensions
were sonicated for 30 minutes and then placed in a Teflon
container and covered with a Teflon lid. The Teflon container
was then placed in the pressure vessel to reduce the GO at high
pressure. The reduction suspensions were prepared with
2 mg ml™" of GO in distilled water with a pH 3.8 (denoted
as rGO DI H,0) and 0.1 M sulphuric acid with a pH 1.16
(denoted as tGO H,SQ,), respectively, at high pressure
(180 psi). An additional reduction was carried out in the
presence of hydrazine and was used as a positive control to
facilitate comparison to a known effective reduction treat-
ment. For this control sample, GO (1 mg ml™") was suspended
in 0.33 M hydrazine aqueous solution and heated in the
pressure vessel (190 psi) at 190 °C for 12 hours (denoted as
rGO N,H,). After hydrothermal reduction in the required
medium, cleaning of the rGO powder was carried out. A
typical cleaning procedure involved the sonication of the
rGO suspension after hydrothermal treatment for 5 minutes.
This was then centrifuged for 30 minutes at 3,000 rpm. The
supernatant was decanted, and the rGO pellet was suspended
in ethanol. The sample was sonicated and suspended as pre-
viously mentioned. This re-suspension in ethanol was follow-
ed by three repetitive sonication cycles. The rGO was then
dried over night at 40 °C.

Catalyst coating preparation

Catalyst inks were prepared by adding catalyst powder (5 mg)
to a 1:20 dilution of Nafion 117 in DMF (1 ml). Homogeneity
was assured via sonication for 15 minutes. Pipetting was used
to prepare a 0.424 mg cm 2 coating of rGO on a glassy carbon
(GC) rotating disc electrode (RDE) tip (BASi Analytical; 3-
mm diameter disc). Measurements of platinum nominally
20 % on carbon black (Pt/C) were carried out on a
0.283 mg cm ~ coating, also drop-dried onto a glassy carbon
electrode (GCE) disc to allow comparison to a known and
successful ORR catalyst. The deposited catalyst ink was grad-
ually dried under an infrared (IR) lamp, forming a sufficiently
adhered catalyst coating to the GCE disc.

Electrochemical characterisation

All electrochemical analysis was recorded on a software-
controlled Autolab PGSTAT20 potentiostat/galvanostat sys-
tem (Eco-Chemie, The Netherlands). The measurement cell
comprised of a GCE RDE tip as a working electrode with a
silver/silver chloride (Ag/AgCl) reference electrode and plat-
inum (Pt) wire as a counter electrode. Voltammograms were
captured within +0.2 to —1.0 V in 0.1 M potassium hydroxide
(KOH) with flow of an individual dissolved gas (O, or N,)
into the 0.1 M KOH electrolyte providing saturation as

necessary. Linear sweep voltammetry (LSV) was carried out
at 1,600 rpm with a 10 mV s~' scan rate. The Koutecky—
Levich (K-L) equation was used to calculate ORR kinetic
efficiency from LSV scans taken from 225 to 3,600 rpm.
Throughout the voltammetric results discussed in this paper,
the current response is displayed with respect to the current
(mA) provided per gram (g) of catalyst coating, which allows
a closer comparison to previously published studies.
Chronoamperometric measurements were recorded in O,-sat-
urated 0.1 M KOH with a GCE rotation of 1,600 rpm using an
applied potential taken from the LSV scan of the catalyst
powder in question. Electrochemical impedance spectroscopy
(EIS) was captured at a fixed potential of —0.1 V for all
measurements. A superimposed alternating potential with a
10 mV amplitude was also applied at a frequency of 10° to
1072 Hz in a single sine mode using O,-saturated 0.1 M KOH
electrolyte under convection-controlled conditions.

Material characterisation

X-ray diffractometry (XRD) was carried out on a Bruker D8-
Discover diffractometer. Measurement parameters consisted
of an increment of 0.04° of the 26 angle with a 10-s hold time.
The 26 angle range of operation was 3°—70°. Tapping mode
atomic force microscopy (AFM) analysis was completed with
a scanning probe Veeco Dimension 3100 microscope using
TESP levers (nominal stiffness ~40 N m™') operated slightly
below resonance (300 kHz). A Labram system using a He—Ne
laser (A 632.81 nm) was used to generate Raman spectra data.
X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a Kratos Axis Ultra DLD spectrometer. Scanning
electron microscopy (SEM) imaging was carried out using a
FEI Quanta 300D system. A multi-point Brunauer—-Emmett—
Teller (BET) method was employed for this study. The linear
plot required for BET surface area calculations is taken from
the Py/P range of 0.05-0.35 in the N, adsorption scan.
Nitrogen gas adsorption and desorption behaviour was
analysed with a Autosorb-1 system manufactured by
Quantachrome Instruments, Boynton Beach, FL, USA.

Results and discussion

Surface topography of graphene oxide reduced in various
hydrothermal media

SEM images of the graphene oxide and rGO samples show
the largest particles present within the whole powder prepara-
tion (Fig. 1). A highly roughened surface for the GO and rGO
samples [30] is due to the freeze-drying treatment and is in
contrast to the smoother surface of the graphite raw material
and the oven-dried GO (Fig. 1).
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Fig. 1 SEM images of freeze-dried graphene oxide versus oven-dried
graphene oxide, graphite and graphene oxide reduced at 190 °C under
high pressure (180-190 psi) for 12 hours in distilled water (rGO DI H,0),
0.1 M sulphuric acid (rGO H,SO,) and 0.33 M hydrazine (rGO N,Hy).
Freeze-dried graphene oxide was employed in the provision of all rGO
samples

A highly distorted surface and topography can prevent
face-to-face stacking of the graphene layers, while also en-
hancing the formation of mesopores and macropores, which
bestow significant capacitive behaviour [44, 45]. The pres-
ence of a porous surface after GO reduction would also
attribute a considerable electrostatic capacitance to the surface
of the rGO particles.

Examination of the surface structure of graphene oxide
after hydrothermal reduction in varied media

Raman analysis of GO, graphite and rGO samples displayed
in Fig. 2 shows positioning of the diamondoid (D), graphitic
(G) and 2-D peaks that are typical for graphitic-based mate-
rials [6, 46, 47]. It is appropriate to consider the Raman data
separately to obtain more complete information on the struc-
ture of the rGO samples investigated (Figs. 2 and S1). The 2-D
peak present at ~2,700 cm ' is activated by the 4;' phonon but
is depressed in a highly disordered structure (Figs. 2 and S1)
[48, 49]. A well-defined 2-D peak exists in a highly ordered
crystalline structure, such as what is found in the carbon lattice
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Fig. 2 Raman spectra of graphite oxide before exfoliation and graphene
oxide reduced hydrothermally (190 °C for 12 hours at high pressure
(180-190 psi)) in distilled water (rGO DI H,0), 0.1 M sulphuric acid
(rGO H,S04) and 0.33 M hydrazine (rGO N,Hy,), respectively

layers of graphene [50, 51]. The rGO samples and GO
displayed in Figs. 2 of this manuscript and S1 of the
supporting information have a highly disrupted graphitic
structure, indicated by a prominent D-peak, most likely caused
by the incorporation of a high amount of oxygen. The D-peak
is stimulated at ~1,360 cm™' by the 4,g phonon and can be
caused by the presence of structural defects within the material
[52]. These defects become notably heightened in intensity
after the oxidation of graphite to GO and can persist to a
significant degree in the subsequent rGO samples after GO
reduction. The G-peak is present at ~1,580 cm ', being stim-
ulated by the E,g phonon vibrations of the sp® carbon
hybridisation [53]. The D+D’ peak present at 2,940 cm '
shows the combined effect of phonons which vibrate at dif-
ferent frequencies; these vibrations are influenced by the
presence of structural defects [54].

An overall decrease in the in-plane sp” domain size is seen
to occur after oxidation and exfoliation of graphite. This is
suggested by Raman analysis data, as an increase in the Ip/ls
ratio from 0.32 for graphite to 1.01 for graphite oxide and 1.12
for graphene oxide (Table 1) [35, 55]. A further decrease in the
sp” domain size after hydrothermal reduction of graphene
oxide is indicated with an increase in the /p/l; ratio, which
also indicates an increase in the surface defects as a result of
the abrasive removal of oxygen functional groups (Table 1) [7,
55-57]. Sulphur incorporated into the rGO H,SO, sample
(Figs. 6 and 7; Table 4) may contribute to the increased level
of defects [58], which is indicated by the high I/I; ratio
(1.43) for this sample (Table 1).

Table 1 shows that defects are lowest in the rGO derived
from hydrazine reduction (pH of hydrothermal suspension for
rGO N,H,=~10; Ip/Iz=1.00), while a higher level is
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Table 1 Raman spectra data showing the change observed in the D-peak
intensity in relation to the G-peak intensity (/5//;) of graphite, graphite
oxide, graphene oxide and graphene oxide reduced in distilled water
(rGO DI H,0), 0.1 M sulphuric acid (rGO H,SO,) and 0.33 M hydrazine
(rGO N,Hy), respectively

Sample name Ip/lg ratio
Graphite 0.32
Graphite oxide 1.01
Graphene oxide 1.12
rGO DI H,O 1.21
rGO H,S0, 1.43
rGO N,H, 1.00

observed in the rGO H,SO4 sample (pH of hydrothermal
suspension for rGO H,SO4=pH ~1; Ip/l;=1.43). This
correlates with previous work [32], which shows that the
more acidic the graphene oxide suspension during hydro-
thermal reduction, the higher the level of defects at the
surface of the rGO samples. The rGO DI H,O (Ip/lg=
1.21) sample has a lower Ip/I; value than rGO H,SOy4 (Ip/
15=1.43), showing defects are lower in the rGO DI H,O
sample. Hydrazine has been previously reported to pro-
vide little to no change in the Ip/l; ratio of GO after
reduction [55]. This is also seen to occur in the current
study with graphene oxide providing an [p/l; ratio of
1.01, while after reduction in 0.33 M hydrazine, the I/
I ratio is nearly unchanged at 1.00.

Effect on carbon lattice spacing from rGO production
in varied hydrothermal media

XRD analysis confirms the reduction of GO after hydrothermal
treatment in the varying media considered during this study,
indicated by the shift in position of the carbon 002 peak. Shown
in Fig. 3 is a change in the interlayer spacing of the carbon
lattices after graphene oxide reduction. In graphene oxide, the
carbon 002 peak is present at 20=11.8° [59]. All of the rGO
samples have a 002 peak of 20=~25°, similar to the starting
graphite material, with a 002 carbon peak at 26.48°. This
indicates a close to complete restoration of the aromatic carbon
sp” lattice spacing in all reduced graphene oxide samples.

The interlayer spacing of the graphene sheets from the rGO
DI H,0 and rGO H,SO, samples is indicated to be 3.63 and
3.65 A, respectively (Table 2). This decrease in the lattice
spacing after reduction of graphene oxide is caused by the
removal of the oxygen-containing functional groups bound to
the surface of the graphene lattice layers [60].

During the oxidation of graphite, the increase in the inter-
lattice spacing can be assisted by water being trapped between
carbon lattice layers in an aqueous suspension, as the surface
of the inter-layer spacing is hydrophilic [61, 62]. An increase
in the temperature of the GO suspension evaporates the water
between the carbon lattice layers, causing the spacing to ex-
pand. After hydrothermal reduction of GO, the deoxygenation
results in the rGO becoming more hydrophobic, expelling
residual water molecules from the interlayer cavity. This facili-
tates a decrease in the inter-layer spacing of the graphene oxide
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Table 2 Change in the carbon lattice spacing (d-spacing) between the
carbon lattice layers of graphene oxide, untreated graphite and graphene
oxide reduced in distilled water (rGO DI H,0), 0.1 M sulphuric acid
(rGO H,S0,) and 0.33 M hydrazine (rGO N,H,), respectively

Sample name Carbon lattice spacing (A)

Graphene oxide 7.46
Graphite 3.36
rGO DI H,O 3.63
rGO H,S0, 3.65
rGO N,H, 3.72

Determined from XRD analysis data displayed in Fig. 3

after reduction together with the removal of oxygen-containing
functional groups [61]. There is a slightly larger inter-lattice
spacing observed between the carbon layers of the rGO sam-
ples (3.63 A—3.72 A) of this study in comparison to the graphite
raw material (3.36 A). Persistence of a significant portion of
oxygen-based functional groups after GO reduction (O 1s rtGO
N,H4=5.12 at.%, rGO DI H,0=14.47 at.%, rGO H,SO,=
16.09 at.%) would promote a higher carbon lattice spacing than
the untreated graphite (O 1s 3.03 at.%). The incorporation of
nitrogen and sulphur-containing functional groups is speculated
to assist in the creation of a larger carbon lattice spacing within
the rGO H,SO, and rGO N,H, samples, in comparison to the
graphite starting material (Fig. 3; Table 2) [35].

Analysis of the dimensions of the rGO particles produced
in varied hydrothermal media

Previously, SEM analysis have obtained a display of the larger
particulates of the freeze-dried rGO samples and freeze-dried
GO preparation (Fig. 1). These images show a highly rough-
ened and agglomerated orientation. The AFM data shows that
when the freeze-dried powders are dispersed in solution, the
imaging of the smaller particle portion of the whole sample
becomes apparent. The isolation of the minute portion of the
whole powder sample of the rGO DI H,0, rGO H,SO, and
graphene oxide preparations is done by suspending the indi-
vidual whole powder samples in a DMF solution and sonicat-
ing these suspensions for 10 minutes. The individual rGO and
GO suspensions stand for 20 minutes followed by decanting
of the supernatant, isolating the particulates of smallest mass.
This supernatant is then centrifuged at 3,000 rpm for 30 mi-
nutes and adherence of the minute particulates to the surface
of a silicon substrate is achieved by a simple drop-drying
technique. With the thickness of single-layered graphene
known to be ~0.34-1 nm, the particle heights observed for
the graphene oxide and rGO samples of the AFM data suggest
the presence of single- to few-layer graphene nanoparticles
being present (Figs. 4 and 5; Table 3) [63, 64].
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The dimensions of 110 of the smallest individual particles
have been evaluated from AFM images (Fig. 5) of graphene
oxide, rGO DI H,O and rGO H,SO,4 samples, respectively
(Table 3). An averaging of the dimensions shows that
graphene oxide particles (1.44 nm) are much thicker in com-
parison to the rGO samples (0.50-0.79 nm) (Table 4). This is
due to the high amount of oxygen functional groups present in
the graphene oxide carbon lattice layers (O 1s 35.63 at.%),
which assist in expansion of the inter-layer spacing as ob-
served by XRD (7.46 A) [65, 66]. The diameter of the minute
particles from the GO (15.69 nm), rGO DI H,O (20.68 nm)
and rGO H,S0, (20.88 nm) samples are similar. The observed
dimensions of the rGO show that the exfoliation of the
graphene oxide layers during reduction does not cause signif-
icant adjustment of the diameter of the particles (Table 3).

AFM analysis shows a larger mean particle height for the
rGO H,S0O, sample in comparison to the rGO DI H,O sample,
most likely resulting from the larger d-spacing between the
carbon lattices after hydrothermal reduction in 0.1 M
sulphuric acid (Tables 2 and 3). The higher oxygen content
of the rGO H,S0, (16.06 at.%) sample may maintain a wider
carbon lattice spacing than the rGO DI H,O (14.47 at.%)
sample due to more oxygen functional groups between the
carbon lattice layers (Tables 3 and 4). The incorporation of
sulphur (0.61 at.%) with its large atomic diameter (100 pm)
may also assist in accentuating the spacing between the carbon
lattices of the rGO H,SO, sample, thus increasing the detected
particle height (Tables 3 and 4). The high standard deviation
from the mean diameter of the graphene oxide sample being a
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35 T T
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28] 1
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1.4 | E
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Fig. 4 Single particle profiles of graphene oxide reduced in 0.1 M
sulphuric acid (rGO H,SO,) (a), distilled water (rGO DI H,0) (b) and
freeze-dried graphene oxide (¢) samples. The axis plane used to generate
these particle profiles is highlighted by white lines with two blue
crosshairs in Fig. 5
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Fig. 5 AFM scan images that
generate the data displayed in
Fig. 4 and Table 1. AFM images
of graphene oxide reduced in
sulphuric acid (rGO H,SO,) (a),
distilled water (rGO DI H,O) (b)
and freeze-dried graphene oxide
(c) are shown. The positions of
the cross section used to generate
the particle profiles displayed in
Fig. 4 are denoted by a white line
with two blue crosshairs

00 1 Height 10pm|

product of the highly varied particle sizes of the starting graph-
ite material, which has a diameter of <20 um before oxidation
by the Hummer’s method. The particle heights of the GO and
the rGO samples all having a low standard deviation, indicative
of the efficacy of the exfoliation techniques employed.

Influence of varied GO reduction media on the composition
of the resultant rGO

Assignment of the deconvoluted peaks for the C 1s analysis
are in-line with previous trends observed for graphene-derived
materials (Fig. 6) [6, 67, 68]. The m-7* shake-up satellite peak
present at ~291.5 eV is indicative of aromatic sp® carbon-
based material [69]. These w-7* transitions occur from
delocalisation of the m-electrons in the carbon aromatic ring,
which does not occur in highly oxidised graphitic materials
[5]. This absence of m-electron delocalisation in the carbon
lattice causes severe loss of conductivity after the oxidation of
graphite-derived materials. Absence of this 7-7* shake-up
peak from the GO sample is also due to the low level of
aromatic sp” carbon in the lattice layers, as a result of the high
level of oxygenation [5, 6]. The 7-7* transition peak is present
in all of the rGO samples addressed in this study, along with
the graphite raw material. This provides an indication of the
reduction of graphene oxide, which causes a restoration of the
m-conjugated orbital system [70].

Table 3 Summary of the mean dimensions obtained from atomic force
microscopy images of graphene oxide before and after reduction in
distilled water (rGO DI H,0O) and 0.1 M sulphuric acid (rGO H,SO,),
respectively

Sample Number Mean  Particle  Mean Particle
name of particle height particle  diameter
particles height standard diameter standard
analysed (nm) deviation (nm) deviation
(nm) (nm)
Graphene oxide 110 1.44 +0.20 15.69 +11.37
rGO H,SO4 110 0.79 +0.051 20.88 +5.63
rGO DI H,O 110 0.50 +0.043 20.68 +8.48

Q5mm

Figure 6 represents the C 1s peak of the rGO H,SO, sample
treated at 190 °C under hydrothermal conditions. The Cls
peak shows the inclusion of a carbon—sulphur bonding energy
at 283.9 eV [67]. This confirms the incorporation of sulphur
atoms into the carbon lattice structure from the sulphuric acid
molecules during GO reduction [68]. Nascent hydrogen is
speculated to assist in the reduction of graphene oxide during
exposure to aluminium foil in a hydrochloric acid (HCI)
suspension [15, 71]. The highly acidic environment of the
electrolyte promoting a sufficient abundance of nascent hy-
drogen to facilitate significant deoxygenation of graphene
oxide resulting in the release of water. This could be a viable
means through which the GO from the current study is re-
duced while suspended in 0.1 M sulphuric acid during hydro-
thermal treatment.

Figures 6e and 7a indicate the presence of sulphur bonds in
the carbon lattice structure of the GO reduced in 0.1 M
sulphuric acid. The detection of a S 2p peak at ~169 eV in
the rtGO H,SO,4 sample (Fig. 7a) [72] shows the bonding
configuration of sulphur assuming more than one form [73].
Functional groups containing sulphur in the form of C—SO,—C
(sulfone group) and C—SO5—C (sulfite group) were observed
at 168.5 and 169.5 eV, respectively (Fig. 7a) [74]. Figure 7b
highlights significant nitrogen incorporation within the carbon
lattice structure of the GO reduced by hydrazine, indicat-
ed by the presence of an N 1s peak at ~400 eV [11, 75].

Table 4 Summary of XPS data highlighting the relative elemental com-
position of graphene oxide, graphite and graphene oxide reduced at
190 °C for 12 hours under high pressure (180—190 psi) in distilled water
(rGO DI H,0), 0.33 M hydrazine (rGO N,H,) and 0.1 M sulphuric acid
(rGO H,S0,), respectively

Sample name Cls(at%) O Is(at.%) N Is(at.%) S 2p (at.%)
Graphite 96.97 3.03 - -
Graphene oxide 64.37 35.63 - -

rGO N,H, 90.98 5.12 39 -

rGO DI H,O 85.53 14.47 - -

rGO H,SO04 83.30 16.09 - 0.61
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The minute amount of sulphur incorporation after reduc-
tion of graphene oxide in sulphuric acid appears to corre-
late to previous observations involving exposure of
graphene oxide to sulphur-containing molecules during
reduction [15, 76]. Avoidance of the employment of com-
mon sulphonation molecules for graphenic materials, such
as sulfanilic acid, allows the facile hydrothermal method
presented by the current study to be relevant for

consideration when evaluating strategies for mass produc-
tion processes [13, 77, 78].

Table 4 provides a summary of the detected elemental
distribution of the rGO samples analysed in comparison to
the graphite raw material and the graphene oxide starting
material.

There is a significant incorporation of nitrogen
(3.9 at.%) into the carbon lattice structure of the rGO

Fig.7 XPS deconvoluted spectra I A T T

of S 2p peak observed in analysis
of graphene oxide reduced in

0.1 M sulphuric acid (GO
H,S0,) at 190 °C for 12 hours
under 180 psi (a). N 1s peak
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reduced in 0.33 M hydrazine
(rGO N,H,) at 190 °C under

190 psi for 12 hours (b)
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N,H,; sample produced in the current investigation (Ta-
ble 4; Fig. 7b). The oxidation of graphite (O 1s 3.03 at.%)
is clearly confirmed by the marked increase of the oxygen
content (O 1s 35.63 at.%) after oxidation. Reduction of
the graphene oxide to rGO (O Is rGO N,H4=5.12 at.%,
rGO H,S04=16.09 at.%, rGO DI H,0=14.47 at.%) is
indicated by a decrease in the oxygen content after hy-
drothermal treatment in the varied media employed
(Table 4). The persistence of a certain level of oxygen
functionalities is to be expected in the rGO product.
Higher oxygen content is observed in the rGO samples
than in the raw graphite material (Table 4). However, this
significant reduction of graphene oxide being carried out
by the proposed single-step treatments of this study are
more favourable for a cost-effective delivery of rGO than
a multistep solution-based process [13].

Chemical-based GO reduction processes provide
functionalised graphene, which in reality differs from
that of pristine graphene [79]. GO reduction delivers
functionalised graphene sheets and are more cost-
effective than that of pristine graphene, which is diffi-
cult to produce in large quantities and is not easily
processible [80]. The mechanisms responsible for the
reduction of GO are not entirely understood at present
[11, 15]. Current literature has shed some light on
possible reduction mechanisms during the hydrazine-
assisted production of rGO [81]. One proposed mecha-
nism explains the reduction process being initiated by
the opening of the epoxy ring of hydrazine, which
requires the removal of hydrogen. This forms a
hydrazino (N,H3) compound, which reacts with a
hydrazino alcohol (N,H;—OH) by a transfer of hydro-
gen, forming water as a by-product [82]. The remaining
derivative (—~NNH,) desorbs once heating begins,
allowing the formation of diazene (N,H,), while also
incorporating nitrogen into the carbon lattice [81, 82].
However, mechanisms of GO deoxygenation is still
mired with a significant degree of uncertainty, which
needs clarification before significant advancement of
this process [11].

Effect of the reduction media on the ORR catalysis of the rGO
preparations

The novel provision of an ORR catalyst by an aqueous sus-
pension of GO in 0.1 M H,SO, during hydrothermal reduc-
tion is analysed in comparison to an aqueous suspension
without H,SO,4 (rGO DI H,0). This comparison provides a
further novelty in the production of an ORR catalyst by the
hydrothermal reduction of GO in only distilled water. Hydro-
thermal GO reduction in hydrazine acts as a positive control
providing a typical electrocatalytic behaviour from the suc-
cessful reduction of GO resulting from application of the

methodology of this study [11]. Figure 8 shows the LSV
analysis of the rGO materials produced in comparison to the
current generated from the starting graphite material, graphene
oxide and polished (AEp=~70 mV) GCE disc (0.0706 cm 2).
For the rGO samples, there is a variation in the capacitive
current measured before ORR onset during O,-saturated
0.1 M KOH electrolyte (Fig. 8a). The highest cathodic current
at —0.1 V is provided by the rGO H,SO, sample during LSV
analysis (Fig. 8a). This indicates a capacitive contribution to
the overall cathodic current response from analysis in O,-
saturated 0.1 M KOH, as no ORR is shown to occur at
—0.1 V. The capacitance at the electrode—electrolyte interface
is formed between an excess or deficiency of electrons at the
electrode surface and a layer of anions or cations in the
electrolyte [83]. This capacitive current contribution to the
measurement of the rGO samples needs to be removed to
allow observation of only the cathodic current generated from
ORR catalysis.

The cathodic current shown for the rGO samples in Fig. 8b
is obtained after subtraction of the current obtained during
measurement in N,-saturated 0.1 M KOH from the cathodic
current recorded in O,-saturated 0.1 M KOH (Fig. 8a). This
allows a subtraction of the capacitive current of the N,-satu-
rated 0.1 M KOH measurement, leaving only the cathodic
current response of ORR catalysis (Fig. 8b). The ORR current
of the rGO samples is compared to the O,-saturated current
response of the GCE disc (0.0706 cm ?), graphite and
graphene oxide measurements (Fig. 8b). No adjustment is
made to the O,-saturated current for these samples, as no
significant capacitive behaviour was observed from the GCE
disc, starting graphite material and graphene oxide during
LSV analysis.

Figure 8b highlights that the GO reduced in 0.1 M
sulphuric acid has a higher ORR current response in compar-
ison to the rGO DI H,O sample during LSV analysis. At
—0.6 V, the cathodic current density is 8.27 A g ' for the
rGO H,SO,4 sample, while the rGO DI H,O sample has a
lower current (6.57 A g ') (Fig. 8b). The ORR catalysis of the
GO reduced in 0.33 M hydrazine (8.16 A g ' observed at
—0.6 V) shows a similar behaviour to that from the rGO
H,SO, sample (Fig. 8b). The main point to take from Fig. 8
is that the rGO H,SO, sample (pH ~1 measured from the
hydrothermal suspension before and after treatment) provides
a similar ORR current response to that of the rGO N,H4
sample (pH ~10). This indicates that the acidity of the medium
is not a critical parameter influencing the resultant ORR
catalysis observed from the GO reduced. The onset potential
of the ORR for the rGO samples does not shift significantly
(approximately —0.12 V) regardless of the suspension media
applied during reduction. The onset of ORR at approximately
—0.12 V (Fig. 7) is indicated by a sharp increase in the
cathodic current, which initiates the initial two-electron reduc-
tion of oxygen in alkaline conditions to the perhydroxyl
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Fig. 8 Linear sweep voltammograms showing measurements in O,-
saturated (dotted line) and N,-saturated (dashed line) 0.1 M KOH from
rGO produced by hydrothermal treatment of GO suspended in distilled

water (rGO H,0), 0.1 M sulphuric acid (rGO H,SO,4) and 0.33 M
hydrazine (rGO N,Hy), respectively (a). ORR currents (solid line) are

radical (HO, ) and a hydroxide anion (OH ") (Eq. 1) [84, 85].
The first step of ORR shows an initial current maximum at
approximately —0.5 V for the GCE, graphite, graphene oxide
and rGO DI H,0 samples analysed (Fig. 8b). This first reduc-
tion step of ORR catalysis is not as apparent in the rGO N,H4
and rGO H,SO, samples due to the higher cathodic current
resulting from the increase in ORR efficiency (Table 4). This
first ORR current step correlates with the current produced by
the first two-electron reduction of oxygen (Eq. 1).

02+H20—>HO;+OH7 (1)

HO; + H,0 — 30H" (2)

The second stage of ORR (Eq. 2) involves the reduction of
the perhydroxyl radical and water to hydroxide anions [84,
85]. The additional slight increase in cathodic current at ap-
proximately —0.7 V, most apparent for LSV scans of the GCE,
graphite, graphene oxide and rGO DI H,O sample (Fig. 8b),
correlates to this second step in ORR catalysis (Eq. 2). This
second reaction onset would not be clearly observable where
the ORR is close to or comprises of a single four-electron
reaction step, as is seen for the LSV scan taken of Pt/C shown
in the supporting information (Fig. S3) [86].
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derived from the rGO samples measured in O,- and N,-saturated 0.1 M
KOH and are compared to the current response from the polished GCE
disc (AEp=~70 mV; 0.0706 cm?), graphene oxide and graphite prepara-
tions (b). Treatment conditions for hydrothermal production are at 190 °C
for 12 hours under high pressure (180—190 psi). Scan rate is 10 mV s~

The presence of sulphur binding to carbon provides a
plausible cause for the increase in the ORR response obtained
from the rGO H,SO,4 sample. Previously, the incorporation of
minute amounts of sulphur (1.30 at.%) into graphene particles
derived from graphene oxide reduction has contributed to the
enhancement of ORR catalysis [87]. A small amount of sul-
phur incorporation can assist in the provision of a higher
cathodic current density than platinum on carbon black during
LSV analysis [87]. Previously, the incorporation of sulphur
was 0.60 at.% after GO reduction in sulphuric acid within a
solvent suspension [35], and this current study relays similar
results with 0.61 at.% of sulphur reported for the rGO H,SO,4
sample. The exact role of sulphur in metal-free ORR catalysts
is a topical issue at present [88-90]. Sulphur atoms have a
larger atomic radius (100 pm) than that of other heteroatoms,
such as nitrogen (65 pm) [91]. The incorporation of a sulphur
atom can create a higher level of physical disruption than
nitrogen incorporation, thus providing a higher level of struc-
tural defects and ORR active sites. A sulphur atom has lone
pair polarisable d-orbitals, which promote interactions with
molecules in the electrolyte, delivering a more conducive
ORR catalytic material [88].

Lu et al. reported that nitrogen doping of rGO has previ-
ously proven successful at developing an ORR catalyst with
significant opportunity for up-scaling synthesis [92]. An ORR
onset potential of —0.231 V for N-rGO provided by Lu et al.
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shows that the rGO samples produced in the current study
require less overpotential to initiate ORR (approximately
—0.12 V). This indicates a more favourable ORR catalysis
for the rGO DI H,O, rGO H,SO, and rGO N,H, samples. Wu
et al. disclosed rGO produced from GO reduction by hydra-
zine which provided ~3 mA ¢cm > at —0.6 V during LSV
measurements taken at 1,200 rpm [93]. While the current
density of the 1,200 rpm measurement of the rGO N,H,
sample in the current study is 3.05 mA cm 2 (0.215 mA) at
—0.6 V. The ORR current provided by the hydrothermal GO
reduction process with 0.33 M hydrazine suspension in this
study is similar to the room pressure hydrazine-based reduc-
tion processes commonly applied to other studies [11, 93].
Another ORR catalysis study focuses on an electrode coat-
ing consisting of bi-layer poly(diallyldimethylammonium
chloride) (PDDA) and reduced graphene oxide material. Nu-
merous bi-layers yield an ORR onset potential movement to
as much as —0.11 V [94]. This is similar to the rGO samples of
the current study (—0.12 V), while the highest ORR cathodic
current from LSV analysis is observed to be 1.22 mA cm 2 at
—0.6 V for the rGO/PDDA composite catalyst layer [94]. The
GO DI H,0 (2.79 mA ¢cm ?), tGO N,H, (3.46 mA cm ™ 2) and
GO H,SO, (3.51 mA cm™?) samples (current densities are in
milliampere per square centimetre (mA cm 2), which were
calculated from Fig. 8b using the area of the substrate GCE
disc) from the current study all provide a higher current
density at —0.6 V than the rGO/PDDA composite reported.
This further highlights the advantage of the hydrothermal
reduction process proposed in this study. An ORR catalyst
using rGO in a composite with Au nanoparticles have provid-
ed an ORR onset of approximately —0.3 V (vs. Ag/AgCl)
during LSV analysis [95]. Incorporation of iron, cobalt and
nitrogen into rGO non-precious metal catalysts (NPMCs) has
enhanced ORR catalysis [96]. This is indicated by Fu et al.
with a reported onset potential during LSV analysis of approx-
imately +0.05 V (vs. Ag/AgCl (saturated KCl) reference
electrode), which was seen to require less overpotential than
a Pt/C coating prepared on a GCE disc [96]. Other applica-
tions for nitrogen-doped rGO preparations have shown suc-
cess as a support substrate for electrocatalytic platinum nano-
particles. The employment of N-rGO as a catalyst support
enhances the ORR onset potential during LSV analysis of
the platinum nanoparticles by minimising the amount of
overpotential required to initiate electrocatalysis [97]. For
future development of the rGO samples of the current study,
there is much opportunity for broadening the scope of exper-
imental investigations to identify additional applications.
Comparison of the rGO samples developed with that of the
optimum ORR response obtained from Pt/C is shown in
Fig. S3 of the supporting information. Figure S3 highlights
the level of improvement required from the rGO samples
before replication of the ORR catalysis from Pt/C can be

realised. The catalytic enhancement of the developed rGO
materials is another vital consideration to include during fur-
ther development so that the Pt/C may be replaced by a
suitable non-metal electrocatalyst during the construction of
fuel cell technologies. A recent study also highlights the
suitability of sulfonated reduced graphene oxide as a support
material for electrocatalytic platinum nanoparticles, which
efficiently provide a stable ORR current [58]. This may be
another consideration for the rGO H,SO, sample of this study,
bringing merit to future work.

Effect of varied GO reduction suspension on ORR efficiency

The rGO H,SO,4 sample (n=2.8 at —0.6 V) indicates a slightly
higher electron transfer number to that obtained for GO re-
duced with hydrazine (n=2.2 at —0.6 V). This result coupled
with the LSV comparison indicates that the ORR response is
similar for rGO H,SO,4 sample and rGO N,H, sample. The
kinetics calculated for the rGO DI H,O sample (n=2.3 at
—0.6 V), along with the accompanying LSV analysis, would
suggest that the rGO DI H,O sample provides a lower ORR
catalysis than the rGO H,SO, sample (Table 5; Fig. 8).

The electron transfer number calculations for the rGO
samples developed are compared to Pt/C (Table 4). All of
the rGO samples fall short of the ideal four-electron transfer
efficiency displayed by the Pt/C coating. The rGO ORR
efficiency calculations were derived from the LSV scans
(Fig. 9) taken at varied rotation rates. ORR catalysis is further
indicated to occur at the surface of the rGO samples during
LSV analysis as the current magnitude increases with a higher
rotation rate applied to the glassy carbon RDE while sub-
merged in O,-saturated electrolyte [93].

Pt/C ORR efficiency calculations have also been derived
from LSV measurements taken at varied rotation rates using a
0.283 mg cm 2 coating on a GCE disc (Table 4; Fig. $4). The
calculation of the electron transfer numbers of the rGO

Table 5 The calculated electron transfer (1) numbers per reduced
dioxygen molecule for GO reduced at 190 °C for 12 hours in distilled
water (rtGO DI H,0), 0.1 M sulphuric acid (rfGO H,SO,) and 0.33 M
hydrazine (rGO N,Hy,), respectively, under high pressure (180-190 psi)

Potential versus  Electron transfer (n) number per reduced dioxygen

Ag/AgCl (V) molecule

rGODIH,0 rGOH,SO; rGON,H, Pt/C
-0.5 2.0 25 2.1 4.0
—0.6 23 2.8 22 42
-0.7 2.5 29 2.3 4.1

GO material coating on the GCE substrate was 0.424 mg cm > . Included
for comparison purposes is the z-numbers for a 0.283 mg cm > coating of
platinum, nominally 20 % on carbon black (Pt/C)
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samples is derived through application of the K-L equa-
tion, which uses the slope values from a linear fit of the
data displayed in the K-L plot (Fig. 10). The K-L calcu-
lation (Eq. S1) was developed initially for analysis at a

planar electrode [98-100]. Recent success in applying this
equation to analysis of non-planer particulate surfaces has
encouraged application of the K—L equation in the present
investigation [87, 101-104].
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Fig. 10 K-L plots for graphene oxide reduced at 190 °C at high pressure
(180-190 psi) in 0.33 M hydrazine (rGO N,H,), distilled water (rGO DI
H,0) and 0.1 M sulphuric acid (rGO H,SOy,), respectively. The slopes of
the K-L plots were used to calculate the n-number with application of the
K-L equation. Graphed is the inverse square root of the angular frequen-
¢y ((w™?), given in rotations per second (RPS)) of the rotation rates of the
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glassy carbon working electrode disc in relation to the change in the
inverse current density (J~ YA mfz) observed. This current density is
obtained from the LSV scans displayed in Fig. 9 at —0.5, —0.6 and
—0.7 V. Current densities were calculated with respect to the surface area
of the glassy carbon disc substrate (0.0706 cm?)
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In another study, an rGO/PDDA bi-layered catalyst (n=
~2.85 at —0.6 V) shows comparable ORR efficiency to that of
the rGO H,SO,4 sample (n=~2.8 at —0.6 V) of this current
investigation [94], while a nitrogen-doped rGO (n=3.7) prep-
aration highlights an ORR efficiency close to that of the ideal
four-electron ORR catalysis facilitated by Pt/C [92]. This
nitrogen-doped rGO was produced by pyrolysis of Hummer’s
graphene oxide with 5-aminotetrazole monohydrate (AM)
under a N,-rich ambient environment [92]. The enhancement
of ORR on the N-rGO produced after pyrolysis of GO with
AM is due to the increased defects caused by the high level of
nitrogen incorporation (10.6 at.%), along with the significant
edge plane exposure of the N-rGO particles [92]. Another
study involving graphene sheets delivered by hydrazine re-
duction at room pressure have indicated an electron transfer of
~3.2 at —0.6 V [93]. These previously reported rGO prepara-
tions highlight the rGO samples of this study to be comparable
to some of the findings of other investigations, while also
bringing to light the opportunity for further enhancement.

The specific surface area values of the rGO H,SO,4
sample is of most interest as the most enhanced ORR
catalysis of the developed rGO samples is provided after
reduction in sulphuric acid. The graphite powder used to
deliver graphene oxide in this study was observed to have a
BET [105] specific surface area value of 14.36 m* g !
(Fig. S7). Graphene oxide has been shown to provide a
specific surface area of 68—161 m’ gf1 [37,74,106], which
correlates with the freeze-dried graphene oxide sample of
this study (102.29 m* g ).

In the present study, graphene oxide reduced in 0.1 M
sulphuric acid resulted in a specific surface area
(114.77 m* g") that increased after hydrothermal treatment.
The abrasive action of the reduction process appears to in-
crease the specific surface area of rGO H,SO, (Fig. S7) with-
out noticeably affecting the appearance after reduction, as
shown from SEM analysis (Fig. 1). The increase in the width
of the hysteresis in the GO after hydrothermal reduction in
0.1 M H,SO, indicates an enhancement of porosity with an
increase of the pore size distribution [107, 108]. A high level
of porosity within a graphenic material has been noted to
enhance electrochemical behaviour [44, 109—111]. The more
pores available on the surface, the higher the contact surface
area with the electrolyte, providing opportunity for an en-
hanced abundance of ORR active sites. This being the most
likely avenue through which the increased surface area of the
rGO H,SO, contributes to the enhanced ORR catalysis ob-
served (Fig. 8).

Investigation of the capacitive behaviour of graphene oxide
reduced in varied media during hydrothermal treatment

During analysis of the ORR current, the capacitive response is
shown to be significant for the reduced graphene oxide

samples (Fig. 8), indicated by the varied current magnitudes
before ORR onset during LSV analysis. A RDE provides a
constant flow of electrolyte to the working electrode surface
during analysis. The force exerted on the electrode surface by
the electrolyte flow during LSV analysis needs to be removed
to facilitate an undistorted observation of the capacitive cur-
rent generated at the surface of the rGO coating. Cyclic
voltammetry is employed to measure the rGO samples at a
stagnant GCE working electrode, permitting observation of
any capacitive effect without adjustments from the flow of
electrolyte to the electrode surface. Figure 11 displays a com-
parison of the anodic and cathodic current response during
cyclic voltammetry analysis of the graphene oxide reduced in
distilled water, 0.1 M sulphuric acid and 0.33 M hydrazine,
respectively. The graphene oxide, untreated graphite and the
bare GCE disc are also included for comparison purposes. The
current detected during cyclic voltammetry analysis in O,-,
air-, N,-saturated 0.1 M KOH electrolyte are compared for
each sample preparation (Fig. 11).

The CV evaluations of the rGO DI H,O sample show that
the current response does not adjust significantly to changes in
dissolved oxygen concentrations. The rGO DI H,O sample at
—0.312 V provides a cathodic current of 13.67 A g in O,-
saturated KOH, 14.67 A g ' in air-saturated KOH and
13.47 A g_1 being observed in N,-saturated KOH electrolyte.
The current density at —0.312 V being most relevant due to the
oxygen reduction peak indicated at approximately —0.312 V
for the rGO preparations, as was confirmed for the rGO N,H,4
sample during CV analysis in O,-saturated 0.1 M KOH
(Fig. 11). Any change in the cathodic current as a result of
the oxygen reduction should be detectable at approximate-
ly —0.312 V. The rGO H,SO, sample also shows an even
higher degree of similarity in the cathodic current response
between the N-saturated (18.67 A g '), air-saturated
(19.67 A g ') and O,-saturated (20.21 A g ') 0.1 M
KOH assessments at —0.312 V. Although the current may
change slightly from catalysis at the developed rGO sur-
face in response to variation in the dissolved O, of the
electrolyte, there is a reliable pseudocapacitance that is not
modified significantly (Fig. 11).

The distinct ORR peak for the rGO N,H,4 sample measured
in O,-saturated 0.1 M KOH provides a cathodic current of
8.33 A g ' at—0.312 V, while a decreased cathodic current is
observed from air-saturated (6.19 A g ') and N,-saturated
(5.20 A g ") scans (Fig. 11). This sequential decrease of the
cathodic current with a decrease in dissolved O,, seems to be
due to the decrease in the magnitude of the ORR catalysis. The
graphene oxide reduced in 0.1 M sulphuric acid provides the
highest magnitude of the cathodic and anodic current response
at—0.312 V in comparison to the other rGO samples analysed
(Fig. 11).

At —0.312 V, the graphite sample provides a low-level
cathodic current in O,-saturated (1.11 A g™'), air-saturated
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(0.53 A g ") and N,-saturated (0.43 A g ') 0.1 M KOH, which
decreases noticeably with a lowering of the dissolved oxygen
level in the electrolyte. A similar trend is also observed for
graphene oxide in O,-saturated (0.97 A g '), air-saturated
(0.50 A g ') and N,-saturated (0.47 A g ') 0.1 M KOH
electrolyte at —0.312 V. There is no distinctive capacitive be-
haviour for the graphite, graphene oxide or the bare GCE disc
(Fig. 11). The dominant faradaic cathodic current is provided
from ORR catalysis. This is indicated by the magnitude of
cathodic current increasing substantially as the level of dis-
solved oxygen increases within the 0.1 M KOH electrolyte
for the CV analysis of the polished GCE, graphite and graphene
oxide preparations (Fig. 11). The ORR magnitude is not seen to
significantly affect the current response from CV analysis of the
rGO DI H,0 and rGO H,SO,4 samples. Other mechanisms are
indicated to be responsible for this distinct pseudocapacitive
behaviour. In Fig. 11, there is a noticeable depressed oxidation
peak in the rGO H,SO, sample at approximately —0.3 V, while
a broad attenuated reduction peak is apparent within the poten-
tial range of —0.4 V to —0.9 V, indicating a slight redox reaction
occurring. For the rGO H,SO,4 sample, this redox reaction is
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apparent regardless of the level of dissolved oxygen content in
the 0.1 M KOH electrolyte (Fig. 11). Also, for the rGO DI H,O
sample measured in O,-saturated and N,-saturated 0.1 M KOH,
the CV data shows a slight redox reaction with attenuated
current peaks at —0.3 V for the anodic oxidation reaction and
again from —0.4 to —0.8 V during the cathodic reduction
reaction. For the air-saturated measurement of the rGO DI
H,0 sample, this redox behaviour seems to culminate in an
oxidation peak at—0.1 V, while a slight cathodic reduction peak
is present at —0.5 V.

A possible explanation for the redox peaks present during
CV analysis of the rGO DI H,O and rGO H,SO, samples
(Fig. 11) is the presence of quinone derivatives and other
carbonyl-containing oxygen groups on the surface of the
reduced graphene oxide [11]. Even after the reduction of GO
using the varied methods of this study, there is still a signifi-
cant oxygen content remaining, as highlighted by XPS anal-
ysis (Table 4). This could comprise of quinone carbonyl
groups at the surface of the rGO samples, promoting a redox
behaviour during voltammetric analysis [112—116]. It is spec-
ulated that these adhered quinone derivatives provide a
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faradaic current contribution to the pseudocapacitive response
observed from the rGO H,SO,4 and rGO DI H,O samples
[117]. The redox potential of surface-bound quinone
derivatives varies in relation to the different types of
quinone moieties present at an electroactive surface [117].
This is a possible explanation for the slight variation in the
attenuated redox peak positions of the rGO DI H,O sample
measured in O,-saturated and N,-saturated 0.1 M KOH mea-
surements in comparison to the air-saturated CV analysis
[118].

The current response during voltammetric analysis may
also be partially due to oxygen reduction catalysed at these
quinone groupings on the rGO surface, although the exact
mechanism involved is not definitively agreed upon among
current literature [119]. ORR is seen to be predominantly a
two-step, two-electron process at quinone-based electrode
coatings, placing quinone catalysts as an ideal material for
the production of hydrogen peroxide in acidic electrolyte
[117-119]. The variation in the current density of the rGO
N,H,4, rGO DI H,0O and rGO H,SO, samples, as shown at
—0.312 V in N,-saturated, O,-saturated and air-saturated
KOH, proves that there is a low-level faradaic current

contribution from the oxygen reduction reaction (Fig. 11).
The reduction of oxygen to the perhydroxyl radical (HO, )
involves a two-electron transfer, providing a well-defined
cathodic current peak at the polished GCE, rGO N,H,, graph-
ite and graphene oxide material coatings (Fig. 11).

Figure 12 confirms the persistence of a pseudocapacitive
response in the current measured from CV analysis of the rGO
samples during a change in the scan rate of the potential sweep
in air-saturated 0.1 M KOH. A persistent capacitive current
response, while under the influence of varied scan rates, is a
typical behaviour for reduced graphene oxide [14]. Air-
saturated 0.1 M KOH is used for CV analysis displayed in
Fig. 12. Air-saturated electrolyte is used as a representative of
the current response during CV analysis from the rGO samples
developed (rGO H,SO4; rGO DI H,S0,), as there is no
significant change in the current response in O,-, N,- or air-
saturated 0.1 M KOH (Fig. 11). The dissolved gas content for
this air-saturated electrolyte is that which would exist when
the 0.1 M KOH solution is stored in the ambient laboratory
environment.

The pseudocapacitive behaviour for the materials in Fig. 12
is a departure from a typical rectangular CV scan of a purely
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non-faradaic capacitive response. CV measurements in
Fig. 12 indicate a varied current magnitude, which is influ-
enced by faradaic processes along with the underlying non-
faradaic behaviour [14]. Nitrogen incorporation (3.9 at.%)
after GO reduction in 0.33 M hydrazine (Table 4; Fig. 7) is a
contributing factor to the increased capacitance present at the
surface of the rGO N,H, sample. Pyridinic-N and pyrrolic-N
incorporation are the most beneficial types of nitrogen
bonding for promotion of pseudocapacitive current,
which is due to the higher electronic charge density
inferred [120-124]. The incorporated nitrogen modifies
the electronic configuration, rendering the surface of the
rGO N,H, sample more susceptible to ion adsorption,
increasing the specific capacitance [125]. Also, the ox-
ygen content of the rGO N,H, sample (O 1s 5.12 at.%)
of the current study (Table 4) is lower in comparison to
the rGO DI H,O and rGO H,SO, samples promoting a
higher conductivity, thus enhancing the capacitive re-
sponse [126, 127].

The capacitance response of the rGO H,SO,4 sample can be
attributed to the high level of C-C sp? lattice restoration after
reduction of the graphene oxide [35, 128], indicated by the
highest increase in the /p/I; ratio (1.43) during Raman anal-
ysis (Figs. 2 and S1; Table 1). The C-C sp® bonding restora-
tion along with a decrease in oxygen content contribute to the
promotion of a pseudocapacitive behaviour [35, 127, 128].
Sulphur also assists in increasing the capacitive response of
graphene preparations [129, 130]. The rGO H,SO,4 sample
indicates a high level of defects at the surface of the GO after
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Fig. 13 Cyclic voltammograms of 0.424 mg cm > material coatings of
graphene oxide reduced in distilled water (rGO DI H,0), 0.1 M sulphuric
acid (rGO H,SO,) and 0.33 M hydrazine (rGO N,H,), respectively. The
first (black) and the last (red) CV scans are displayed from a 10,000
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reduction in 0.1 M sulphuric acid, as highlighted by the
highest I/l ratio from Raman data (1.43) (Table 1) [33].
The carbon lattice defects can contribute to the incorporation
of sulphur present in the rGO H,SO4 sample [87]. These
aspects of the rGO H,SO, sample promote the
pseudocapacitive current response observed (Figs. 11 and
12). The rGO DI H,O sample has an enhanced
pseudocapacitive response as a result of the decrease in the
oxygen content (O 1s 14.47 at.%) (Table 4), while a dramatic
decrease in oxygen content (O 1s 5.12 at.%) appears to
contribute to the promotion of the prominent pseudocapacitive
behaviour of the rGO N,H, sample (Figs. 11 and 12; Table 4).

The pH of the graphene oxide suspension during reduc-
tion has been noted to influence the topology of the resul-
tant graphene sheets [32]. The more acidic the hydrother-
mal suspension during graphene oxide reduction, the more
variation in the structure [32], while an alkaline solution
allows the formation of graphene sheets with a lower
amount of surface defects indicated [32]. This correlates
with the low defects suggested by the low /p//; ratio value
from the rtGO N,H, sample (/p/I5=1.00), derived from
treatment in an alkaline solution of 0.33 M hydrazine (pH
~10). While the more acidic hydrothermal treatment of the
GO suspension (0.1 M sulphuric acid (pH ~1)), provides
indications of a high level of surface defects, as shown by
Raman analysis (Figs. 2 and S1; Table 1).

Figure 13 highlights the change of the current re-
sponse between the beginning (scan 1) and conclusion
(scan 10,000) of a continuous repetitive CV analysis. A
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continuous repetitive CV analysis. Scan rate employed is 400 mV's '. CV
measured in air-saturated 0.1 M KOH. The GCE disc used for analysis
has a working area of 0.0706 cm®
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highly stable current is indicated for all the rGO samples
analysed in the present study, confirming the validity and
stability of the pseudocapacitive behaviour observed
(Fig. 13).

Elaboration on the dynamics at the surface of the rGO
coatings during electrochemical analysis

EIS is ideally placed to analyse the capacitive response
observed in the rGO samples under investigation
(Fig. 14). EIS measurements of the graphene oxide
before reduction and the graphene oxide reduced in
distilled water (rGO DI H,0) and 0.1 M sulphuric acid
(rGO H,S0,), respectively, indicate that the overall
impedance modulus (/Z]) decreases in a sequential manner
within the frequency range of 102 to 10° Hz (Fig. 14). The
rGO DI H,O sample has a higher impedance modulus than the
rGO H,SO,4 sample, while the graphene oxide provides the
highest overall impedance in the low frequency range of the
EIS analysis (Fig. 14).

The lower the cathodic pseudocapacitive current mea-
sured, the higher the impedance detected between 10°
and 107> Hz at the surface of the electrode coating
material. This is confirmed when considering the current
response from CV analysis at —0.1 V for the graphene
oxide, rGO DI H,O and rGO H,SO,4 samples (Figs. S5a
and 14). This phenomenon is further confirmed when
considering the impedance response from the same sam-
ple preparation at different applied potentials (Fig. S6).
At —0.16 V, the cathodic current is higher in compari-
son to the cathodic current response obtained at —0.1 V,
as illustrated in CV analysis displayed in the supporting
information (Fig. S5b—d). This clarifies that it is the
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Fig. 14 Bode plots highlighting the change in the impedance modulus
(IZI) from graphene oxide before and after reduction at 190 °C for
12 hours at 180 psi in distilled water and 0.1 M sulphuric acid suspension,
respectively. The impedance spectra were measured in O,-saturated
0.1 M KOH at a fixed potential of —0.1 V with a superimposed alternating
potential of 10 mV oscillation applied at a frequency range of 10° to
102 Hz. GCE disc used for analysis has a working area of 0.0706 cm?

change in the current response provided by the faradaic
processes at the electrode surface which influences the
change in the impedance modulus at —0.16 and —0.1 V.
If a purely capacitive behaviour existed, the current re-
sponse would be relatively unchanged between —0.16 and
—0.1 V during CV analysis. This is not the case for this
study, due to a faradaic reaction providing a pseudocapacitive
response which changes the detected current as the
voltage changes during CV analysis (Fig. S5). For the
graphene oxide sample, it is speculated that the charge
transfer resistance from surface electrochemical reactions
is reduced considerably in comparison to the rGO sam-
ples analysed, causing the significant increase in the
impedance response (Figs. 14 and S5a).

Conclusions

LSV analyses show an oxygen reduction onset potential which
is constant for all rGO samples (rGO DI H,O, rGO H,SO,4 and
rGO N,H,4) measured in this study (-0.12 V). The ORR
cathodic current response increases significantly for the rtGO
H,S0, sample, accompanied by an electron transfer efficien-
cy that was higher than the rGO DI H,O and rGO N,H4
samples. Hydrothermal reduction of GO in distilled water is
noted to significantly improve the ORR catalysis from that
observed for the graphite and graphene oxide starting mate-
rials. The oxidation of graphite (O 1s=3.03 at.%) to graphene
oxide (O 15s=35.63 at.%) is confirmed by the significant
increase in the oxygen content detected by XPS analysis.
Subsequent reduction of GO in distilled water (O 1s of rGO
DI H,0=14.47 at.%), 0.1 M sulphuric acid (O 1s of rGO
H,S04=16.09 at.%) and 0.33 M hydrazine (O 1s of rGO
N,H4=5.12 at.%), respectively, is confirmed by the clear
decrease in the oxygen content after hydrothermal treatment.
The enhanced ORR from the rGO H,SO, sample is indicated
to be assisted by the incorporation of sulphur into the carbon
lattice structure, together with a significant decrease in oxygen
content after GO reduction. An increase in the specific surface
area, together with an indicated enhancement of surface
porosity, after reduction of GO in 0.1 M sulphuric acid,
is also considered to contribute to the increased electro-
chemical behaviour of rGO H,SO, sample. There is
similarity between the ORR current observed for the
rGO N,;H, sample and that provided by the rGO
H,SO, sample. The enhancement of ORR in the rGO
N,H, sample is speculated to be as a result of the
significant level of pyrrolic nitrogen bonding after dop-
ing of the rGO during GO reduction in 0.33 M hydra-
zine, together with the decrease in the oxygen content,
which may allow an increase in conductivity.

The smallest particle fractions of the rGO DI H,O and rGO
H,SO4 samples contains few- to single-layer graphene
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particles as indicated by AFM analysis. The high in-
crease of the Ip/l; ratio for the rtGO H,SO, sample
indicates an increase in the point defects that may act
as ORR active sites resulting in an enhancement of
catalysis. These defects are indicated to increase as a
result of the decrease of the domain size in the carbon
lattices. The minute amount of sulphur incorporation
may also contribute to the abundance of carbon lattice
defects.

A significant difference in charging current is indicated
before ORR onset in LSV analysis of the rGO samples
produced. This shows a varied capacitive effect at the
rGO surface, resulting from a change in the medium used
during hydrothermal GO reduction. The developed rGO
samples provide a prominent pseudocapacitive behaviour
under the diffusion-dependent conditions of CV analysis.
The pseudocapacitive current response of the rGO DI H,O
and rGO H,SO, samples is only slightly affected by the
change of the dissolved oxygen concentration in the elec-
trolyte. This shows a slight contribution to the current from
oxygen reduction during CV analysis, but the dominant
reaction appears to be a redox system. This indicates the
involvement of carbonyl groups, such as quinones, in a
redox reaction at the surface of the rGO particulates. The
redox cycling of the quinone derivatives could cause the
attenuated and broad reduction and oxidation peaks ob-
served during cyclic voltammetry analysis. The reliability
of the pseudocapacitive behaviour of all the rGO samples
is observed with a stable pseudocapacitive current over a
continuous 10,000 CV scan assessment. The impedance is
highest for the graphene oxide electrode preparation. As
the overall pseudocapacitive current increases, the imped-
ance decreases. GO reduction in hydrazine incorporates
nitrogen into the carbon lattice (3.9 at.%), which is indi-
cated to assist in increasing the specific capacitance
calculated.

The proposed facile method of rGO production al-
lows a potentially cost effective and scalable avenue
towards fuel cell catalyst material which could contrib-
ute to making this technology more widely available.
With similarity between the GO reduced in sulphuric
acid with that of rGO produced in hydrazine, the possible
redundancy of toxic chemical-based GO reduction methods is
also suggested. The pseudocapacitive behaviour for the de-
veloped rGO samples of this study indicates potential for
future applications in the area of electrical power storage
devices.
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