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Abstract: The aim of this study is to compare the electrochemical behaviour of graphene-based
materials of different origin, e.g., commercially available graphene nanosheets from two producers
and reduced graphene oxide (rGO) towards the oxygen reduction reaction (ORR) using linear sweep
voltammetry, rotating disc electrode and rotating ring-disc electrode methods. We also investigate the
effect of catalyst ink preparation using two different solvents (2-propanol containing OH™ ionomer or
N,N-dimethylformamide) on the ORR. The graphene-based materials are characterised by scanning
electron microscopy, transmission electron microscopy, Raman spectroscopy and X-ray photoelectron
spectroscopy. Clearly, the catalytic effect depends on the origin of graphene material and, interestingly,
the electrocatalytic activity of the catalyst material for ORR is lower when using the OH™ ionomer in
electrode modification. The graphene electrodes fabricated with commercial graphene show better
ORR performance than rGO in alkaline solution.
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1. Introduction

Graphene is a novel carbon-based material, which was first isolated in 2004 by Novoselov and
Geim [1]. While graphene has very interesting properties, for example high surface area (the theoretical
specific surface area of single layer graphene is 2630 m?- g ~1), good electrical conductivity (550 S- cm 1)
and mechanical strength (Young’s modulus ca. 1 TPa) [2-6], scientists have extensively used graphene
for fundamental investigations, including the fields of electroanalysis and electrocatalysis. In addition,
graphene has been considered as a promising support material in industrial applications including
but not limited to (bio)sensors, solar cells, batteries and fuel cells [7-14]. In an ideal way, graphene is
a two-dimensional allotrope of carbon with an atomic thickness of ca. 0.34 nm, where the carbon atoms
are densely packed forming a hexagonal pattern of graphene nanosheet revealing a basal plane surface
without defects and any surfactants or impurities. However, a wide variety of oxygen-containing
functionalities and some carbon vacancies may exist in the produced graphene (e.g., chemically
reduced graphene oxide) [9,15] suggesting the presence of mixture of edge sites and basal plane on
the graphene surface. In the literature, there are a variety of methods to produce graphene [9,16,17].
For example, a true monolayer graphene can be exfoliated from highly oriented pyrolytic graphite
using the Scotch tape method as was first reported by Novoselov et al. [1]. However, this method
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is very time consuming, only small amounts of graphene can be isolated and it is not commercially
viable for the mass production of graphene. In this regard, numerous methods have been developed
to synthesise graphene. A monolayer yet a large-scale production of graphene by the chemical vapour
deposition (CVD) method (e.g., using methane as a carbon source and copper as a catalyst material)
is promising but rather an expensive method [14,18,19]. An alternative way to produce graphene
and yet to meet commercial demand is to first exfoliate graphene oxide (GO) from graphite oxide by
solution-based processes followed by reduction of GO by chemical (using suitable reducing reagent for
example hydrazine, ascorbic acid, hydroquinone, sodium borohydride, etc.), thermal, electrochemical
or UV-assisted approaches in order to obtain a reduced graphene oxide (rGO) [8,20-31], which should
have similar properties to pristine graphene.

It is very important as well as challenging to develop electrocatalysts for the oxygen reduction
reaction (ORR), since this process is of paramount importance for the conversion of chemical energy into
electrical energy for example in metal-air batteries or fuel cells. Noble metals (especially platinum) are
commonly used as a catalyst material. However, a high cost and scarcity limits the use of noble metals
and therefore, the search for non-precious metal catalysts or metal-free catalysts with high activity
and practical durability in the ORR is in progress [32]. In recent years, graphene has attracted much
interest from ORR electrocatalysis point of view and several papers have described the development of
graphene-based catalysts for ORR [32,33]. Numerous efforts have been devoted to the ORR studies on
graphene materials doped with heteroatoms or non-precious metals and modified with transition metal
macrocyclic compounds [34-39]. However, comparative studies of O, reduction on pristine graphene
of different origin are clearly lacking. According to the literature, depending on the origin of graphene
(CVD)-grown graphene, rGO, etc.) these materials exhibit different electrochemical properties towards
various redox probes (including O;) [24,40—44]. For example, high-quality graphene (e.g., CVD-grown
graphene) is inactive towards the ORR because of the exposure of mainly defect-free basal plane
surface [45]. In contrast, the reduction of oxygen on graphene-family materials (e.g., rGO) has shown
different results. Kruusenberg et al. [38] reported that the electrochemical behaviour of rGO and
GO is rather similar towards the ORR, in contrast to the study conducted by Jahan et al. [46] where
it was shown that GO is more active than rGO. It has been reported that in alkaline medium the
electrochemically reduced GO has higher electrocatalytic activity towards the ORR than GO [47].
Recently, the ORR studies on rGO synthesised by different methods have revealed that depending on
the synthesis process, the electrochemical behaviour of rGO towards the ORR is rather different [48,49].
Clearly, these conflicting results may be attributed to the variation in experimental conditions,
but still, inspired by the previous works that electrodes modified with different origin of graphene give
a different electrochemical response towards the ORR, we are interested in comparing graphene-family
nanomaterials, including two commercially available graphene (graphene nanopowder from Graphene
Supermarket and graphene nanoplatelet aggregates from Strem Chemicals) and reduced graphene
oxide (rGO). In addition, graphene-based electrodes have been prepared using usually Nafion ionomer
as a binder and there are only a few reports in which OH™ ionomer has been used instead of Nafion.
Therefore, in the current study we also investigated the effect of catalyst ink preparation on the ORR
process. In more specific, the catalyst suspension was prepared either in 2-propanol containing OH™
ionomer or in N,N-dimethylformamide before coating the glassy carbon (GC) electrode using the
catalyst loading of 0.1 mg- cm 2. For comparison purposes, GO was also investigated under the same
experimental conditions.

2. Results and Discussion

2.1. Surface Characterisation of Graphene-Family Nanomaterials

The surface morphology of the graphene-family nanomaterials used in this work was first
investigated by scanning electron microscopy (SEM). As revealed in Figure 1, the graphene samples of
graphene nanopowder, GO and rGO show typical graphene-like sheet morphology with folds and
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wrinkles. No notable differences could be observed between the samples of GO and rGO (Figure 1c,d)
as both formed a thin, smooth, multilayer graphene film on the GC surface. The SEM image of GO
is in good accordance with the results reported by Vikkisk et al. [37], where the synthesis of GO was
performed by similar procedure as in this study. The SEM image of graphene nanopowder was slightly
different (see Figure 1a), since the graphene sheets formed larger “fluffy” agglomerates and were not
as well separated as in case of GO and rGO (see Figure 1c,d). However, the most distinct surface
morphology was observed in case of graphene nanoplatelet aggregates (Figure 1b), where most of the
material consisted of smaller, possibly multilayer, randomly oriented graphene flakes that were mixed
with larger flakes. Similar features about this graphene-based material was seen by Shypunov et al. [50].
It is also important to note that, in a dry state, graphene nanopowder and graphene nanoplatelet
aggregates tend to curl into micrometric rings or seriously aggregate (see additional SEM images of
Graphenel and Graphene2 in Figures S1 and S2, respectively, in Supplementary Material).

L ‘ I
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Figure 1. SEM (scanning electron microscopy ) images of: (a) graphene nanopowder (from Graphene
Supermarket); (b) graphene nanoplatelet aggregates (from Strem Chemicals); (c) graphene oxide;
and (d) reduced graphene oxide.

In order to get some further insight, the surface morphology of graphene nanopowder (from
Graphene Supermarket), graphene nanoplatelet aggregates (from Strem Chemicals) and rGO was
studied by transmission electron microscopy (TEM). Similar to SEM analysis, TEM also provided
similar morphologies for the commercial graphene nanomaterial samples. Nevertheless more details
are available at the nanoscale, especially in the case of the graphene nanoplatelet sample from Strem
Chemicals illustrated in Figure 2b. Here one clearly observes that individual platelet size of ~30 nm
can be observed. These nanoplatelets tend to agglomerate, which might explain the “fluffy” structure.
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On the other hand, the graphene nanopowder from Graphene Supermarket (see Figure 2a) shows a
single layer of graphene with many nanometre thick creases contrary to the rGO sample (see Figure 2c),
where a single layer of graphene with a smaller amount of creasing is visible. In any case, all the three
samples presented here, exhibit differences in surface morphology.

Figure 2. TEM (transmission electron microscopy) images of: (a) graphene nanopowder (from

Graphene Supermarket); (b) graphene nanoplatelet aggregates (from Strem Chemicals); and (c) reduced
graphene oxide.

Graphene-based materials were further analysed by XPS. The XPS survey spectra show the
presence of C 1s in all the graphene samples (see Figure 3), including GO (data not shown).
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Figure 3. XPS (X-ray photoelectron spectroscopy) survey spectra of: (a) graphene nanopowder
(from Graphene Supermarket); (b) graphene nanoplatelet aggregates (from Strem Chemicals); and
(c) reduced graphene oxide. The insets show the high resolution XPS spectra in the C 1s region.

The high resolution C 1s peak for all these materials was centred at ca. 284.5 eV and it is
well-known that this corresponds to the sp? carbon. Additionally, the XPS spectra of GO (data not
displayed) and rGO (see Figure 3c) revealed another peak around 286.4 eV presumably attributed
to the C-O species (e.g., hydroxyl and epoxy groups) [37,47,51,52]. According to the literature, GO
should also consist carboxylic and carbonyl groups, which decorate the edge sites, whereas hydroxyl
and epoxy groups are present on the basal plane of a GO sheet [15,30]. As can be seen from Figure 3a,b,
mainly a C 1s peak in graphene nanopowder (Graphene Supermarket) and graphene nanoplatelet
aggregates (Strem Chemicals) is shown, whereas the O 1s peak in both samples is rather negligible
referring to a very low oxygen content, which in turn gives a very low O/C ratio. For example, in
case of graphene nanoplatelet aggregates (Strem Chemicals) the total oxygen content was ca. 2 at.%,
giving the O/C ratio about 0.02. This feature is in good agreement with the specification data of
graphene nanopowder and graphene nanoplatelet aggregates given by Graphene Supermarket and
Strem Chemicals, respectively. Based on the literature, the low O/C ratio refers to the near true nature
of graphene [53]. The main difference between GO and rGO is that GO is with higher oxygen content
than rGO [54,55]. Even though the reduction of GO should supposedly remove the oxygen-containing



Catalysts 2016, 6, 108 50f 18

species from the rGO surface in order to restore some unique properties of pristine graphene [15],
it has been shown that some amount of oxygen still remains in the sample of rGO [24,28,38,52,56,57].
In this study, according to the XPS survey spectra of rGO (see Figure 3c), the O 1s peak of rGO have
been declined compared with the XPS spectra of GO (data not shown), revealing that part of the
C-O functionalities on the surface of GO have been reduced. More specifically, the surface oxygen
content was ca. 25 at.% and 19 at.%, which in turn gives a O/C ratio of ca. 0.3 and 0.2 in case of GO
and rGO samples, respectively. This is also consistent with the literature data [52,58]. Based on these
observations, we may conclude that the hydrazine treatment results in a limited reduction of GO,
since oxygen-containing functionalities still exist in the final product and it is clear that the rGO
material synthesised in this work is only partially reduced graphene oxide. However, according to
the literature this result is rather expected [15,51,52,59]. Additionally, the XPS survey spectra of rGO
revealed a small N 1s peak (see Figure 3). In more specific, the nitrogen content of 2 at.% was estimated
by XPS, suggesting that some amount of nitrogen may be present due to the hydrazine treatment [28].
This feature is in good agreement with the literature [52], where a similar synthesis procedure was
used to obtain rGO.

Figure 4 shows Raman spectra of graphene nanopowder (from Graphene Supermarket), graphene
nanoplatelet aggregates (from Strem Chemicals), GO and rGO.
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Figure 4. Raman spectra of graphene nanopowder from Graphene Supermarket (Graphenel), graphene
nanoplatelet aggregates from Strem Chemicals (Graphene2), graphene oxide (GO) and reduced
graphene oxide (rGO).

In all cases, the low-energy part of Raman spectrum revealed a D (at ca. 1352 cm™!) and G
peak (at ca. 1582 cm™1). It is well-known that the integrated intensity ratio of the defect D band to
the G band (Ip/Ig ratio) is used to assess the extent of structural disorders or defects in the studied
materials: the smaller the Ip/Ig value of the ordered structure, the smaller amount of defects or edge
sites are present in the material. In this study, the Ip /I ratio of graphene nanopowder (from Graphene
Supermarket), graphene nanoplatelet aggregates (from Strem Chemicals), GO and rGO were 0.92, 0.98,
1.46 and 1.71, respectively. These results suggest a higher level of disorder of the graphene layers
and increased number of defects in rGO and GO samples compared with Graphenel and Graphene2
materials. According to the literature, the Ip/Ig value of GO varied from 0.83 to 1.93 [58,60], therefore
the results obtained in the current study are in compliance with the reported data. In addition, a small
increase of Ip/Ig upon GO reduction was observed, which is in good agreement with the literature [52].
In addition, Hayes et al. claimed that using hydrazine for GO reduction, the Ip/Ig ratio does not
change or changes only a little compared with the I /I ratio of GO after reduction [61]. Therefore,
the increase in Ip /I value shows that the GO reduction process might somewhat damage the structure
of rGO generating more defects, but as can be seen from SEM images (Figure 1), no significant change
in surface morphology before and after reduction of GO was observed.
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2.2. Oxygen Reduction Reaction on Graphene-Based Nanomaterials

To evaluate the electrocatalytic performance of graphene-based electrodes in alkaline media
(Op-saturated 0.1 M KOH), various techniques e.g., linear sweep voltammetry (LSV), the rotating disc
electrode (RDE) and rotating ring-disc electrode (RRDE) methods were used. For comparison purposes,
GO-modified GC electrode was also tested. When considering the applications of graphene-based
materials in fuel cells, an ionomer is needed in order to form ionic transport pathways between the
reaction sites in the catalyst layer and the membrane e.g., in anion exchange membrane fuel cells [62].
On the other hand, ionomer is also considered as a binder, which should enhance the adhesion of
catalyst particles to the working electrode surface and therefore it has been used as an additive in
the catalyst ink formulation [63]. Therefore in this study the graphene-coated GC electrodes were
first prepared using the catalyst ink suspension in 2-propanol containing OH™ ionomer. In order to
investigate the electrochemical behaviour of GO and graphene-based electrodes towards the ORR,
LSV measurements were performed (see Figure 5).
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Figure 5. Comparative LSV (linear sweep voltammetry) curves for oxygen reduction on bare GC
and GC electrodes coated with graphene nanopowder from Graphene Supermarket (GC/Graphenel),
graphene nanoplatelet aggregates from Strem Chemicals (GC/Graphene2), reduced graphene oxide
(GC/rGO) and graphene oxide (GC/GO) using suspension in 2-propanol containing OH™ ionomer for
the electrode preparation. LSVs were registered in O,-saturated 0.1 M KOH at v = 100 mV-s~ 1.

As can be seen from Figure 5, the LSV curves of GO, Graphenel, Graphene2 and rGO-modified
GC electrodes exhibited two reduction peaks, which is indicative of a predominant two-electron O,
reduction pathway. Since the ORR electrocatalytic activity of bare GC has been thoroughly studied,
some similarities between graphene-based substrates and bare GC can be seen. Namely, according
to the literature, bare GC exhibits also two reduction peaks (at about —0.4 and —0.9 V vs. SCE) in
alkaline medium [41,64-66], which is in accordance with this study (see Figure 5). The presence of two
reduction peaks indicates that the ORR undergoes two processes, both attributed to the two-electron
reduction of O, to HO, ™. It is believed that the ORR on GC is catalysed by the native quinone-type
groups present on the GC surface [67-69]. However, it is important to note that for all studied materials,
the current density values are higher as compared to that of bare GC (see Figure 5) indicating a better
electrocatalytic activity for ORR on the graphene-based material, which is probably caused by a
higher surface area of the catalyst materials. Typical LSV curves of Graphenel, Graphene2, rGO
and GO-modified GC electrodes registered at different scan rates (v = 20-500 mV-s~!) are presented
in Figure S2. As can be seen from the inset of Figure S2, there is a linear relationship between the
peak current density and the square root of scan rate (v!/2), which is rather expected result for the
electroactive species diffusing from solution.
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To further investigate the ORR activity, the graphene-based materials in comparison with GO were
tested by the RDE method in O,-saturated 0.1 M KOH solution. The RDE results of GC/Graphenel,
GC/Graphene2, GC/rGO and GC/GO electrodes at different rotation rates are presented in Figure 6
and Figure S3. As expected, the current densities increase with increasing electrode rotation rate.
In addition, the onset potential (the potential value at ca. 0.1 mA- cm™2) [70] was determined as
ca. —0.2'V for GC/Graphenel, GC/Graphene2, GC/rGO and GC/GO electrodes. This value is higher
than for example in case of bare GC (ca. —0.3 V [66]) indicating that the ORR process starts at a
higher potential on all these materials than on bare GC, which is also consistent with the LSV results
(see Figure 5).

To evaluate the number of transferred electrons (1) per O, molecule the Koutecky-Levich (K-L)
analysis (dependence of j~! on w~1/2) was performed using Equation (1):

1 1 1 1 1

- =5+==- - (1)
ik jd nFkCE,  0.620FDY v 1/6Ch w!/2

where j is the measured current density, ji, and j4 are the kinetic- and diffusion-limited current densities,
respectively; 1 is the number of electrons exchanged; F is the Faraday constant (96485 C- mol~!); k is
the electrochemical rate constant for ORR; C& is the concentration of O5 in bulk (1.2 x 107° mol- cm ™3
in 0.1 M KOH [71]); Do, is the diffusion coefficient of oxygen (1.9 x 107® em?- s~ in 0.1 M KOH [71]);
v is the kinematic viscosity of the solution (0.01 cm?-s71 [72]); and w is the electrode rotation rate
(rad-s~!). The K-L plots were analysed in the potential range between —0.4 and —1.2 V vs. SCE
from the RDE data presented in Figure 6 and Figure S3. These K-L plots show that the process of O,
reduction is under the mixed kinetic—diffusion control in a large range of potentials (see Figure 6b,d,f
and Figure S3b). The value of n was calculated from the slopes of the K-L plots and the dependence
of n on the potential is presented in the insets of Figure 6b,d,f and Figure S3b. In Figure 6 the
calculated 7 value for GC/Graphenel, GC/Graphene2, GC/rGO (see Figure 6) and GC/GO electrodes
(see Figure S3) gradually increases with decreasing potential. In more specific, the n value is close
to two at E > —0.8 V and increases up to three at more negative potentials. This indicates that the
ORR process on GO and graphene-based materials at low overpotentials proceeds predominately via
two-electron pathway with the production of HO, ™.

The RRDE technique provides further insight into the formation of peroxide intermediate. Figure 7
depicts the disc and ring current data for Graphenel, Graphene2 and rGO-coated GC electrodes at
960 rpm. The RRDE voltammetry curves of GC/GO electrodes are shown for comparison. In general,
the RRDE results show the same trend as obtained by RDE. In all these electrodes the reduction of
oxygen on the disc proceeds with concomitant HO, ™ oxidation on the Pt ring electrode.

The percentage yield of peroxide formation at the disc electrode was calculated from the RRDE

data using Equation (2):
2L
%H0, = —— x 100% @
g + %

where 14 and I, are the disc and ring current, respectively, and N is the collection efficiency (N = 0.25).
In addition, the n value from the RRDE results was calculated according to Equation (3):

n= I, (3)

The measured HO, ™ yield for Graphenel, Graphene2, GO and rGO-modified GC electrodes
started to decrease from ca. —0.8 V (see Figure 8). This is also consistent with the n values obtained
from the RRDE measurements, indicating that the n value slightly increased up to three (see Figure 54).
In case of Graphenel, Graphene2, rGO and GO-based GC electrodes, the value of # reaches ca. 3 at
more negative potentials, demonstrating that part of the produced HO, ™ can be further reduced to
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OH™, which is also supported by the decrease in the ring current (see Figure 7b). This is in good
agreement with the literature data suggesting that on graphene-based materials the reduction of HO, ™~
to OH™ takes place at higher overpotentials.

(a)

2

JImAcm

(c)

2

JImAcm

-2

-3

-5

r

0.0
-0.5

-1.0 -

-1.5
-2.0
-2.5
-3.0
-3.5
-4.0

AL

-2

-3

-1
I @ /rpm

-7

[ 1900

r 3100

360
610
960

4600

1.4 1.2

N 1 1 L 1 n
1.0 -08 -06 -04 -02 00

Evs SCE/V

o [ rpm

360
610
960

1900

I 3100

4600

L 1

10 08 06 04 02 00
Evs SCE/V

| 3100

o | rpm
360
610
960

1900

4600

1.4 1.2

i 1 1 1 i
1.0 -08 -06 -04 -02 00

Evs SCE/V

(b)

j'ImA" em®

(d)

A

F ' ImA" em?

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.5

0.0

1.5

1.0

0.5

0.0

n
e = n v &

42 10 08 08 04

Evs SCE/V
|

i

wAd(re =
wAedro n

WA eqdroe n 1

xvAeqron

04V
0.5V
06V
0.7V
08V |
0.9V
4.0V
SREY
1.2V 4

1 1 1
0.04 0.08 0.12
112 -1/2
o

rad " "

1
0.16

1
0.20

WAdd)o B
WA odro n

[ Z T N

SxvAedpon

04V
05V
06V 4
0.7V
08V
09V
-1.0v
11V
1.2V 4

0.04 0.08 0.12

12 U2 _1i2
o Irad “s

0.16

0.20

n
o - N w s

42 10 08 06 04
Evs SCE/V Y

i

Lol

"y AMd> o

*xvAGd PO

05V
-06V]
0.7V
08V
09V
1.0V
-11V
-1.2V+

1 1 i 1
0.04 0.08 0.12
o " rad™"? &'

1
0.16

1
0.20

Figure 6. (a,c,e) RDE (rotating disc electrode) voltammetry curves and (b,d,f) Koutecky-Levich plots

for oxygen reduction on GC electrodes coated with: (a,b) graphene nanopowder (from Graphene

Supermarket); (c,d) graphene nanoplatelet aggregates (from Strem Chemicals); and (e,f) reduced

graphene oxide in Op-saturated 0.1 M KOH. v = 10 mV- s~ 1. The insets show the potential dependence

of n. The electrodes were prepared using the catalyst ink suspension in 2-propanol containing

OH™ ionomer.
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Figure 7. RRDE (rotating ring-disc electrode) voltammetry curves for O, reduction and HO,™
oxidation in O,-saturated 0.1 M KOH on GC electrodes coated with graphene nanopowder from
Graphene Supermarket (GC/Graphenel), graphene nanoplatelet aggregates from Strem Chemicals
(GC/Graphene2), reduced graphene oxide (GC/rGO) and graphene oxide (GC/GO). w = 960 rpm,
v =10mV-s~1. (a) Disc current densities; and (b) ring currents. For GC electrode modification, the
catalyst ink suspension in 2-propanol containing OH™ ionomer was used.
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Figure 8. The potential dependence of the yield of peroxide formation on GC electrodes modified
with graphene nanopowder from Graphene Supermarket (GC/Graphenel), graphene nanoplatelet
aggregates from Strem Chemicals (GC/Graphene2), reduced graphene oxide (GC/rGO) and graphene
oxide (GC/GO) in O,-saturated 0.1 M KOH. For GC electrode modification the catalyst ink suspension
in 2-propanol containing OH™ ionomer was used.

It is well-known that the graphene nanosheets are prone to agglomerate due to the
van der Waals interaction yielding a multilayer graphene structure, which in turn leads to the loss of
the electrocatalytic activity for ORR. Therefore, it was of special interest to study the ORR by RDE on
GO and graphene-based materials using different solvent, in more specific, N,N-dimethylformamide
(DME), for the catalyst ink preparation. The obtained RDE results and the K-L plots of O, reduction for
GC/Graphenel, GC/Graphene2 and GC/rGO are presented in Figure 9, whereas the RDE voltammetry
curves and K-L plots of GC/GO electrodes are depicted in Figure S5. As can be seen from Figure 9
and Figure S5, the dependence of reduction current on the electrode rotation rate exists leading to
an increased current density values. In addition, the RDE voltammetry curves on graphene-based
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electrodes exhibit two reduction waves consistent with the literature [44]. Moreover, the value of
n is between two and three in case of GC/Graphenel and GC/rGO, but even higher in case of
GC/Graphene2 and GC/GO at higher potentials (see Figure 9 and Figure S5). Higher electron
transfer number at high overpotentials on graphene-based electrodes has been also reported in the
literature [35,73-75].
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Figure 9. (a,c,e) RDE voltammetry curves and (b,d,f) Koutecky-Levich plots for O, reduction on GC
electrodes coated with: (a,b) graphene nanopowder (from Graphene Supermarket); (c,d) graphene
nanoplatelet aggregates (from Strem Chemicals); and (e,f) reduced graphene oxide in O,-saturated
0.1 M KOH at v = 10 mV-s~!. The insets show the potential dependence of n. The electrodes were
prepared using the catalyst ink suspension in N,N-dimethylformamide.
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Figure 10 compares the RDE voltammetry curves of oxygen reduction at GO and different
graphene-based electrodes including the ones prepared using 2-propanol containing OH™ ionomer
as well as DMF in the catalyst ink preparation. Interestingly, when DMF was used as a dispersion
medium for electrode preparation, the onset potential of the ORR remained the same (—0.2 V), which
is in good agreement with the literature [35,37], but the current density values were higher for
GC/Graphene2, GC/rGO and GC/GO electrodes compared with the electrodes prepared using
2-propanol containing OH™ ionomer (Figure 10). Interestingly, the reduction current density values
were less affected in the case of GC/Graphenel. On the basis of these results, it might be suggested
that the electrochemical behaviour of the GC/Graphenel electrode towards the ORR does not greatly
depend on the OH™ ionomer, whereas the OH™ ionomer inhibits the ORR rate of GC/Graphene2,
GC/rGO and GC/GO electrodes.
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Figure 10. RDE voltammetry curves for O, reduction on GC electrodes coated with graphene
nanopowder from Graphene Supermarket (Graphenel), graphene nanoplatelet aggregates from Strem
Chemicals (Graphene2), reduced graphene oxide (rGO) and graphene oxide (GO) in Oy-saturated 0.1 M
KOH; w = 1900 rpm, v = 10 mV-s~!. The electrodes were prepared using the catalyst ink suspension
in: (a) 2-propanol containing OH™ ionomer; and (b) DMF (N,N-dimethylformamide).

Unfortunately, the reason for this inhibiting effect remains unclear, but it could be considered that
the inhibition of the ORR kinetics might be caused by the interaction between the OH™ ionomer and
GC/Graphene2, GC/rGO and GC/GO surface, which results in some blocking of the catalytic sites of
the graphene-based materials that are responsible for the ORR activity.

Even though the OH™ ionomer inhibited the ORR on the graphene-based materials studied
(except Graphenel), the electrodes prepared in DMF exhibited a good electrocatalytic effect in
alkaline media. This clearly demonstrates that none of these graphene-based materials is so-called
“true/pristine graphene”, since according to the literature a defect-free graphene exposing mostly
the basal plane surface is rather inactive for ORR [19,41,45]. However, if edge sites have been
introduced into basal plane graphene nanosheet on purpose [76], a significant enhancement in the ORR
electrocatalytic activity can be observed. Notwithstanding, even less-than-perfect layers of graphene
can be used in certain electrochemical applications including electrocatalyst supports for fuel cells [15].

The enhanced ORR activity of graphene-based electrodes compared with bulk carbon materials
is explained by the high surface area, metal impurities, or defects of the graphene material
(since defects usually contain edge sites along with the oxygen-containing groups and it is also
well-known that edge sites are more electrocatalytically active than the basal plane towards the
ORR) [9,43,77]. Interestingly, based on the XPS results and Raman studies, the oxygen content was
very low and the Ip/Ig ratio was smaller in case of Graphenel and Graphene2 samples compared with
rGO and GO materials (see Section 2.1), but yet these two commercially available graphene materials
(Graphenel and Graphene?) exhibited high electrocatalytic activity for ORR. First, it should be noted
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that the ORR results obtained with Graphene? are in good accordance with the literature [50]. However,
to the best of our knowledge, there are no reports about the ORR studies on Graphenel (graphene
nanopowder purchased from Graphene Supermarket) in alkaline solution and it is rather difficult to
compare the results with the literature. Amongst other things, oxygen reduction on Graphenel has
been studied in acid solution, but the material did not show any electrocatalytic effect for ORR [78].
Therefore, it can be concluded that this material (Graphenel) is only active in alkaline solution.
This is rather expected since it is well-known that carbon-based catalysts have better catalytic activity
in alkaline than in acidic media. But still, the question remains why these materials (Graphenel and
Graphene?2) show rather good electrocatalytic properties compared with rGO. One explanation might
be that these materials may contain some metal impurities originated from the synthesis process,
which might enhance the ORR process, since Pumera and co-workers have shown that ORR
electrocatalysis on graphene-based surfaces is primarily caused by the metal impurities [48,49].
It should be noted that in order to confirm this statement, the energy dispersive X-ray spectroscopic
(EDX) measurements were carried out with Graphenel and Graphene2 samples. The EDX
measurements detected a small amount of impurities (e.g., Mn, K, S, Mg and Na) in case of Graphenel,
which might facilitate the ORR electrocatalytic activity on this material. However, the EDX analysis did
not show any metal impurities in Graphene2, but since the detection limit of EDX is rather low, it might
still be possible that traces of transition metals are also present in Graphene2. Another possible reason
for the higher ORR activity of commercial graphene-based samples might be due to the wrinkles within
the graphene material as can be seen by SEM and TEM (Section 2.1). Namely, it has been suggested that
even though the resistance is increased slightly in case of wrinkled, rippled and crumpled graphene,
a good conductivity of graphene is still maintained [79-82].

In case of rGO-based electrodes, it has been suggested that the first reduction process is probably
redox mediated by the quinone-type functional groups on the rGO surface, whereas the presence of
other oxygen-containing groups on rGO may catalyse the further reduction of HO, ™ at more negative
potentials [47] as was also shown by the increased n values. Tang et al. [83] have studied the ORR on
rGO-modified GC electrodes in alkaline medium and the results revealed that rGO possessed better
electrocatalytic activity towards the ORR than bare GC. These results are in agreement with the current
study. However, taking into account the values of current densities, the GC/rGO showed the poorest
electrocatalytic activity for ORR as compared to the other graphene-based materials (GC/Graphenel,
GC/Graphene2) and GC/GO electrode (see Figure 10). This is somewhat unexpected result since based
on the Raman study, the rGO sample consisted more defects than other samples (see the Ip /I ratio in
Section 2.1) indicating that presumably more edge sites for oxygen adsorption are exposed compared
with the other graphene-based materials. However, based on the literature, it has been claimed, that
an increase in the amount of edges does not necessarily lead to a higher ORR activity [70]. On the
other hand, it has been claimed that not only the amount of oxygenated species, but also the type of
carbon-oxygen functionalities present on the surface of graphene-based materials could be considered
as an important factor in the ORR [43]. Therefore, according to the XPS study (see Section 2.1), it was
seen that the oxygen content was lower in case of rGO compared with GO which might indicate that
possible oxygen-containing groups, which are responsible for the ORR enhancement are removed from
the GO surface during the reduction process of GO, which in turn explains the lower ORR activity of
rGO than GO.

3. Materials and Methods

3.1. Preparation of Graphene-Based Electrodes

Two commercially available graphene samples, graphene nanoplatelet aggregates (specific surface
area of 750 m2- g~!, Strem Chemicals, (Newburyport, MA., USA) and graphene nanopowder (Grade
AO-1, specific surface area of 510 m?- g~!, Graphene Supermarket), and pre-synthesised graphene
oxide (GO) and reduced graphene oxide (rGO) were used in this work. GO was synthesised by
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a modified Hummer’s method from graphite powder using natural graphite flakes as a starting
material [37,84] and rGO was synthesised in a similar manner as described by Lima et al. [52,85].
A brief description about the synthesis of GO and rGO is given in Supplementary Material.

For the underlying substrate, glassy carbon (GC) electrodes were used. GC discs (GC-20SS,
Tokai Carbon Japan) with the diameter of 5 mm and a geometric area (A) of 0.196 cm? were pressed
into Teflon holders and before coating with graphene suspension, the surface of GC was sequentially
polished to a mirror finish with 1.0 and 0.3 um of Al,Os slurries (Buehler, Lake Bluff, IL, USA). The GC
electrodes were ultrasonically cleaned in Milli-Q water (Millipore, Inc.) and 2-propanol (Sigma-Aldrich,
Saint-Louis, MO, USA) for 5 min in order to remove the residues of the alumina slurries.

To fabricate the graphene-based working electrodes with a mass loading of 0.1 mg-cm™2,
first, the catalyst suspension was prepared by dispersing 1 mg of catalyst material in a 1 mL of
2-propanol containing 0.05% of OH™ ionomer (AS-04, Tokuyama Corp., Tokyo, Japan) or in a
1 mL of N,N-dimethylformamide (DMF) followed by ultrasonication treatment. Thereafter, 20 uL
aliquot of the suspension was pipetted onto the surface of freshly cleaned GC electrode followed by
drying the working electrode at 60 °C. When graphene nanopowder from Graphene Supermarket,
graphene nanoplatelet aggregates from Strem Chemicals, rGO and GO were used as a catalyst material,
the modified GC electrodes were designated as follows: GC/Graphenel, GC/Graphene2, GC/rGO
and GC/GO, respectively.

3.2. Electrochemical Measurements

Electrochemical experiments were performed in a three-electrode glass cell using an Autolab
potentiostat/galvanostat PGSTAT30 (Eco Chemie B.V., Utrecht, The Netherlands) controlled with
General Purpose Electrochemical System (GPES) software. Working electrodes were GO and
graphene-coated GC electrodes. The reference electrode was a saturated calomel electrode (SCE)
and a platinum wire was used as the counter electrode, which were separated from the solution by a
Luggin capillary and a glass frit, respectively. All the potentials mentioned in this work are given with
respect to SCE.

For the electrochemical measurements, linear sweep voltammetry (LSV), rotating disc electrode
(RDE) method and rotating ring-disc electrode (RRDE) method were employed. The RDE
measurements were conducted with an EDI101 rotator and a CTV101 speed control unit (Radiometer,
Copenhagen, Denmark), whereas an interchangeable E6 series RRDE tip of GC disc-Pt ring, a AFMSRX
rotator and MSRX speed controller (Pine Research Instrumentation, Grove City, PA, USA) were used
for the RRDE experiments. The collection efficiency (IN) was 0.25 as determined by the reduction of
hexacyanoferrate(Ill). In case of the RRDE measurements, the Pt ring electrode was electrochemically
cleaned before recording each polarisation curve by applying three potential cycles between —1.0 and
0.7 Vat 100 mV-s~! in order to improve the reliability in the determination of peroxide. The Pt ring
electrode was kept under the potentiostatic control at 0.55 V vs. SCE for the peroxide detection.

The ORR polarisation curves were recorded in O,-saturated 0.1 M KOH solution (p.a. quality).
For the preparation of the aqueous solutions, Milli-Q water was used. All the electrochemical
experiments were carried out at room temperature (23 + 1 °C) and all current densities were normalised
to the geometric area of the GC electrode.

3.3. Surface Characterisation of Graphene-Based Samples

A high resolution scanning electron microscope (HR-SEM) Helios NanoLab 600 (FEI Company,
Hillsboro, OR, USA) equipped with an energy-dispersive X-ray spectrometer (EDX) analyser INCA
Energy 350 (Oxford Instruments, Abingdon, UK) was used for imaging and analysing the sample
surfaces. Transmission electron microscopy (TEM) was employed to study in detail the morphological
properties of various graphene-based samples. TEM measurements were performed on a TITAN 200
(FEI Company, Hillsboro, OR, USA) operating at 200 kV. Sample for TEM observation was prepared by
sonication of the graphene samples in ethanol and placing a drop of this suspension on a carbon-coated
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TEM grid. In addition, these materials were characterised by micro-Raman spectrometer (inVia,
Renishaw) applying a laser with 514 nm wavelength and 10% of maximum intensity. A silicon plate
was used as a substrate for the Raman analysis. The elemental composition of graphene samples was
studied by X-ray photoelectron spectroscopy (XPS) using 1.1 x 1.1 cm GC plates for the deposition
of the graphene-based materials. The XPS measurements were carried out with a SCIENTA SES-100
spectrometer using an unmonochromated Mg K X-ray source (incident energy = 1253.6 eV), electron
take-off angle 90° and source power of 300 W. The pressure in the analysis chamber was under 10~°
Torr. At the time the survey scan was collected, the energy range was from 0 to 800 eV, pass energy
200 eV and step size 0.5 eV. For high-resolution scans, the pass energy was 200 eV and step size 0.1 eV.

4. Conclusions

In this work, we have explored the electrocatalysis of the ORR on two commercially available
graphene materials (graphene nanopowder from Graphene Supermarket and graphene nanoplatelet
aggregates from Strem Chemicals) and on reduced graphene oxide (rGO). The catalyst suspension
was prepared either in 2-propanol containing OH™ ionomer or in DMF to study the effect of ionomer
on the electrocatalytic activity of these materials towards the ORR. In general, the graphene-based
electrodes prepared from the suspension in DMF showed better ORR activity than those made using
the suspensions in 2-propanol containing OH™ ionomer, referring to the inhibiting effect of the OH™
ionomer. However, the LSV, RDE and RRDE results revealed that the electrochemical reduction of
oxygen at all studied materials followed a two-step ORR process with the formation of peroxide as
an intermediate.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/6/7/108/s1,
Synthesis of GO and rGO; Figure S1: SEM images of: (a) graphene nanopowder (from Graphene Supermarket)
and (b) graphene nanoplatelet aggregates (from Strem Chemicals); Figure 52: LSV results of O, reduction on
GC electrodes coated with: (a) graphene nanopowder (from Graphene Supermarket), (b) graphene nanoplatelet
aggregates (from Strem Chemicals), (c) graphene oxide and (d) reduced graphene oxide. The electrodes were
prepared using the catalyst ink suspension in 2-propanol containing OH™ ionomer. The LSVs were registered in
Oy-saturated 0.1 M KOH at different scan rates. The insets show the dependence of j, on v1/2, Figure S3: (a) RDE
voltammetry curves and (b) Koutecky-Levich plots for oxygen reduction on GC electrodes coated with graphene
oxide in Op-saturated 0.1 M KOH. w = 360-4600 rpm, v = 10 mV- s~ . The electrode was prepared using the catalyst
ink suspension in 2-propanol containing OH™ ionomer. The inset shows the potential dependence of n. Figure S4:
Potential dependence of 1 for GC electrodes modified with graphene nanopowder from Graphene Supermarket
(GC/Graphenel), graphene nanoplatelet aggregates from Strem Chemicals (GC/Graphene2), reduced graphene
oxide (GC/rGO) and graphene oxide (GC/GO) in O;-saturated 0.1 M KOH. The electrodes were prepared using
the catalyst ink suspension in 2-propanol containing OH™ ionomer. Data derived from Figure 7. Figure S5:
(a) RDE voltammetry curves and (b) Koutecky-Levich plots for oxygen reduction on GC electrodes coated with
graphene oxide in O,-saturated 0.1 M KOH. w = 360—4600 rpm, v =10 mV- s~ 1. The inset shows the potential
dependence of n. The electrode was prepared using the catalyst ink suspension in DMF.
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