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a b s t r a c t

Carbon-based catalysts are widely used in oxygen reduction reactions (ORR) via 2e- for H2O2 electrogen-
eration. The direct comparability of the structural proprieties of different carbon matrices applied on
ORR, however, has never been tested. Here, we evaluate how the electrochemical and structural proper-
ties of different carbon-based materials, including carbon Printex XE2B (PXE2BC), Printex L6 (PL6C), car-
bon derived from lignin (LIGC), graphite (GRA) and glassy carbon (GC), affect on ORR. All the materials
were characterized by Raman spectroscopy, X-ray photoelectron spectrometry (XPS), elementary analy-
sis, field emission gun scanning electron microscopy, surface area measurements and electrochemical
assays for the evaluation of ORR. Notably, the morphology, the size of the particles and the types of func-
tional groups present in the structure of carbon materials were keys in the efficiency of ORR. The carbon
materials PL6C and PXE2BC with high surface area and oxygenated functional groups in their structure
displaced the ORR potential, facilitating the reaction. Carbon materials with less surface area, such as
GRA, LIGC and GC, and whose main functional groups in their structures were non-oxygenated or nitro-
genated, were less active in ORR. The displacement of the potential and the efficiency of H2O2 generation
were directly dependent on the electrochemical and structural characteristics of the materials used as
catalysts. These results are particularly relevant regarding a proper choice of carbon catalyst can increase
the efficiency of ORR.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen peroxide (H2O2) is considered one of the most power-
ful oxidizing agents; and due to its remarkable properties, this
chemical compound is used as an important reagent in several
applications, including tissue bleaching [1,2] and organic and inor-
ganic syntheses [3,4]. H2O2 is commonly used in the treatment of
wastewater via advanced oxidation processes (AOP) [5,6]. The
advanced oxidation technique involves the use of H2O2 as a precur-
sor of hydroxyl radical, and this explains the reason why the tech-
nique is regarded a green process, since the treatment reaction
leads to the formation of inoculum products (such as CO2, H2O
and inorganic compounds). When total mineralization fails to be
reached, the by-products formed in the process exhibit lower tox-
icity compared to the initial products subjected to degradation.

H2O2 is commonly synthesized via anthraquinone oxidation
process as described by Kirchner [7]; this process involves the ini-
tial reduction of anthraquinone organic compound to correspond-
ing hydroanthraquinone by H2. The reduced species are then
oxidized in the presence of O2, regenerating the initial compound
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and H2O2. This synthesis process has been shown to present some
disadvantages. Among these disadvantages include the use and
recovery of metal catalysts, systems subjected to high temperature
and pressure, and the use of organic solvents for the purification of
the H2O2 generated [7,8].

An alternative process to H2O2 synthesis is oxygen reduction
reaction (ORR), which involves the reduction of molecular oxygen
on the cathode surface via 2 electrons (Eq. (1)). This electrochem-
ical reaction is complex, once H2O2 can be reduced again via 2
more electrons forming H2O (Eq. (2)), while molecular O2 can be
reduced directly to H2O via 4 electrons (Eq. (3)) [8–12].

O2 þ 4Hþ þ 4e� ! 2H2O ð1Þ
H2O2 þ 2Hþ þ 2e� ! 2H2O ð2Þ
O2 þ 2Hþ þ 2e� ! H2O2 ð3Þ
The advantages of ORR mechanism for H2O2 generation are: 1)

it does not involve the use of hazardous reagents; 2) H2O2 purifica-
tion is not required; and 3) it uses a green reagent – the electron.
Furthermore, the ORR process allows the in situ electrogeneration
of H2O2, thus avoiding the need for transport and storage of the
reagent [8].

In the past few years, there has been considerable interest in the
development of cathode material which is directly related to the
system efficiency in ORR for H2O2 electrosynthesis, as shown in dif-
ferent works published in the literature [8,13–16]. The develop-
ment of the cathode material components should take into
account the binding energy of the intermediate species generated
(�OOH), which must have an intermediate interaction with the
electrode catalytic surface to generate H2O2. Once there is a strong
interaction, the �OOH generated remains adsorbed for a longer
period, and this increases the possibility of another reduction reac-
tion, forming H2O, instead of H2O2. In this sense, one needs to con-
sider some essentially relevant properties of the cathode material,
such as high surface area and porosity, nanostructure and particle
size, active sites containing oxygenated functional groups and
large potential range [8,12,16].

A number of studies published in the literature have often
reported the use of carbon-based materials as cathodic matrix with
high efficiency for H2O2 electrogeneration [14–17], such as reticu-
lated vitreous carbon (RVC) [18,19], graphite felt [19,20], graphite
(GRA) [21], carbon nanotubes (CNT) [21,22] and amorphous carbon
black (CB) [12,16,23–25,47]. According to Yeager E. (1984), the
oxygenated groups present on the surface of carbon-based materi-
als are strictly related to the adsorption energy of molecular O2,
and consequently, to ORR [17].

Reticulated vitreous carbon (RVC) is a widely used cathode
material for H2O2 electrogeneration. This material has chemical
stability in acidic or basic medium; and it can also be applied in
flow-through electrodes, increasing the electrode surface area for
O2 reduction and H2O2 electrogeneration [18]. Graphite is another
carbon-based material that presents good characteristics as an
electrode material; this material is known for its relative chemical
stability, good electrical conductivity, apart from being relatively
cheap. However, graphite is found to be relatively less capable of
increasing the electrode surface area. Some studies have reported
other forms of graphite application in electrochemical systems;
among these diverse applications of graphite includes its use as a
helpful support for potentializing H2O2 electrogeneration [20,21].

Printex L6 carbon (PL6C) is an amorphous carbon black (CB)
with particle size of about 15–18 nm and surface area of 265 m2

g�1 [15] . Recent studies have shown that PL6C is a great cathodic
material for H2O2 electrogeneration. Assumpção et al. (2011) have
shown that PL6C presents relatively higher current efficiency
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compared to Vulcan XC-72R carbon (another type of amorphous
CB), with the former contributing toward an improvement of 37%
in ORR efficiency for H2O2 electrogeneration. These researchers
have also demonstrated that high surface area, hydrophilicity,
and high content of oxygenated functional groups are key factors
when it comes to increasing H2O2 electrogeneration [16]. Printex
XE2B (PXE2BC) carbon is another type of amorphous carbon black
with high amounts of oxygenated functional groups and high sur-
face area. However, very few studies published in the literature
have reported the use of this material as a catalyst for ORR.

Some studies have employed carbon-based materials as cath-
odes in H2O2 electrogeneration; unfortunately, these materials
were found to have been mostly derived from petroleum, which
is a non-renewable natural resource [21–25]. The materials were
obtained from incomplete combustion of petroleum-based com-
pounds, and have been found to contribute toward environmental
degradation, including toxic gas production, increased acid rain,
and greenhouse effect.

Other related studies have reported the use of the biomass of
lignin, chitosan, cellulose, and melanin as low-cost carbon-based
materials from renewable sources [26–28]. Biomass is an excellent
source of sustainable energy, which is known to be environmen-
tally harmless; it can be used as a substitute to carbon derived
from non-renewable sources. Lignin is one of the most abundant
natural polymers and an important source of biomass; it accounts
for nearly 30% of wood weight. One needs to point out, however,
that carbon derived from biomass burning has low conductivity
and ORR activity. These shortcomings can be circumvented
through an activation process, which will provide the carbon mate-
rial with interesting electrochemical properties, such as large sur-
face area, porosity and active functional groups for ORR [26–28].

The existence and development of new carbon-based materials,
which are synthesized through different sources (petroleum, natu-
ral or renewable), allows one to evaluate them as new matrices for
ORR. The study of these materials focusing mainly on their struc-
tural and physicochemical properties, such as morphology, surface
area, hydrophilicity, and their possession or not of functional
groups, will enable one to choose the best catalyst to employ when
conducting reduction reactions. In this context, the main objective
of this work is to investigate the effects of structural and physico-
chemical properties of different carbon-based catalysts on oxygen
reduction reaction for H2O2 electrogeneration. To this end, graphite
(GRA), glassy carbon powder (GC), lignin-derived carbon (LIGC)
and black carbon Printex L6 (PL6C) and Printex XE2B (PXE2B) were
evaluated.
2. Experimental

2.1. Reagents and materials

Glassy carbon powder and Graphite HC30 were obtained from
Goodfellow and Nacional do Grafite Ltda, respectively. Both Printex
L6 and Printex XE2B carbon, were acquired from Evonik do Brasil
Ltda. Carbon derived from lignin (LIGC) was synthesized based
on a previously reported procedure [26,27]. All chemicals
employed in the experiments were of reagent grade, and were used
without further purification.
2.2. Preparation of carbon micro layer

The carbon materials were evaluated from the manufacture of
carbon micro layers deposited on glassy carbon electrodes. Prior
to the deposition of the micro layers, the glassy carbon electrodes
were polished with alumina (0.3 mm) in a polishing cloth. Subse-
quently, the electrodes were sonicated for 5 min in isopropanol
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and ultrapure water. Carbon dispersions were prepared using a
mixture of 2.5 mg of carbon material with 1.0 mL of dimethylfor-
mamide (DMF) for glassy carbon 0.4–12 mm (GC), lignin-derived
carbon (LIGC), graphite (GRA) and Printex L6 carbon (PL6C).
DMF/Water (70/30) was used for the preparation of Printex XE2B
carbon (PXE2BC) dispersion. The micro layers were prepared using
10 mL and 25 mL droplets of the carbon suspensions on the GCE sur-
face in order to perform EIS and ORR measurements, respectively;
this was followed by the evaporation of the solvent with N2 flow.

2.3. Characterization techniques

Morphological characterization of the carbon materials was car-
ried out using a field emission gun scanning electron microscope
(FEG-SEM), Jeol JSM 7500F model. Contact angle analyses for the
carbonmaterials were conductedwith the aid of an Attension Theta
Flex tensiometer. An amount of 3.0 mL of ultrapure water was
dripped onto the carbon micro layers surface, and the contact angle
measurements were performed. BET measurements were con-
ducted by nitrogen physisorption using Micromeritics Gemini VII
equipment. The surface area of the samples was calculated using
the Brunauer-Emmett-Teller (BET) method for a region of P/P0 0.3.

Raman spectroscopy analyses were performed using Witec
model Alpha 300R spectrometer equipped with an argon-ion laser
of 514 nm, operated at low power level. The spectra were obtained
in the wavenumbers ranging from 0 to 4000 cm�1. XPS analysis of
the carbon samples was performed by K-Alpha X-ray photoelec-
tron spectrometer from Thermo Scientific. The Al Kalpha line was
employed, and the energy step size was set to 0.1 eV. The back-
ground of the C1s and O1s electron spectra was determined.

Electrochemical impedance spectroscopy (EIS) was conducted
at open circuit potential. The measurements were performed in
an electrochemical cell with a capacity of 10 mL and composed
of three electrodes. Bare and modified glassy carbon electrodes
(£ = 5 mm) were used as working electrode. The reference elec-
trode was Ag/AgCl (KCl 3.0 mol L�1) and platinum plate was used
as auxiliary electrode. Cyclic voltammetry (CV) measurements
were carried out in a potential range of �0.2 to + 0.8 V, at scan rate
of 50 mV s�1. EIS experiments were performed in a solution con-
taining 2.0 mmol L�1 K4[Fe(CN)6] and 0.1 mol L�1 KCl. The fre-
quency range of 100 kHz to 100 MHz and 10 mV of amplitude
were employed.

2.4. Oxygen reduction reaction analysis

Electrochemical experiments were performed using Poten-
ciostat/Galvanostat Autolab PGSTAT-128 N controlled by NOVA
software for data acquisition. ORR analysis was carried out in a
devised three-electrode cell using a RRDE (from Pine Instruments
– AFE7R9GCPT) as working electrode, Ag/AgCl as reference elec-
trode (KCl 3.0 mol L�1) and a Pt counter electrode. Cyclic voltam-
metry was performed in a potential window of + 1.0 to �0.8 V at
50 mV s�1 in 0.1 mol L�1 K2SO4 at pH 2.5 adjusted with H2SO4,
and saturated with N2 or O2. Linear sweep voltammetry (LSV) mea-
surements were performed on the same electrolyte and saturated
with O2 only. The potential window of + 0.4 to �0.8 V was applied
to the RRDE disk; and a fixed constant potential of + 1.0 V was
applied to the ring. The electrode rotation applied was 900 rpm.
3. Results and discussion

3.1. Morphological and structural characterization

The morphology of the carbon materials is illustrated in Fig. 1.
The FEG-SEM image of GC shows spheres with sizes ranging from
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0.5 to 12 mm (Fig. 1A); the estimated sizes of the spheres are in
accordance with those reported by the manufacturer (0.4–
12 mm). The glassy carbon spheres were found to be dense and
apparently smooth. Due to the different sizes, vacancies were
formed between the GC spheres on the film deposited on the
substrate.

Fig. 1B shows LIGC exhibiting a heterogeneous structure, where
one can observe the formation of plates coated with particles of
different sizes forming clusters. The morphology of LIGC may be
directly related to its synthesis and the rawmaterial. The morphol-
ogy of Lignin is similar to that of LIGC; it is characterized by the
formation of globules and agglomerated particles which are
referred to as ‘‘bunch of grapes” structure [28].

Fig. 1C shows the image of the characteristic structure of the
sheet-shaped GRA. In the absence of chemical treatment for the
exfoliation of this material, graphite sheets will usually be found
agglomerated and distributed in piles [29].

PCL6C and PXE2BC have similar morphology (see Fig. 1D and 1E,
respectively), and are both referred to as carbon black. Both PCL6C
and PXE2BC can be found evenly distributed on the substrate, and
have much smaller particles compared to the other carbon materi-
als (about 20 nm in diameter). Another feature of the Printex car-
bon films is their porosity, which is attributed to the vacancies
formed by the agglomeration of carbon particles (see the insets
of Fig. 1D and 1E).

The physical structure of the material (its surface area, for
instance) is regarded essentially relevant in that it can contribute
toward improving ORR electrocatalytic activity, leading to H2O2

electrogeneration. Surface area is directly related to the number
of ORR active sites; this implies that by increasing the surface area,
the number of active sites will also be increased, thus raising the
number of free active sites available for ORR to occur. Taking that
into consideration, Brunauer-Emmett-Teller (BET) analyses were
performed in order to find the surface area value of each carbon
material (see Table 1).

Based on BET analyses, the surface area of GRA was found to
be about 20.9 m2 g�1; this was the lowest surface area value
among the carbon materials investigated. BET surface area values
for LIGC, PL6C and GC were 248.9, 263.8 and 286.1 m2 g�1,
respectively. PXE2BC presented BET surface area of 1028.2 m2

g�1; the highest among the carbon materials. The surface area
values for PL6C and PXE2BC obtained in this work are very close
to those reported in the literature/by the manufacturer (265 and
1000 m2 g�1, respectively) [15,29]. LIGC BET surface area as
reported in the literature or by the manufacturer varies from 90
to 880 m2 g�1 [26,27].

By analyzing the BET results obtained for the carbon materials,
one will infer that the fact that PXE2BC presented the highest sur-
face area means it will probably have the highest catalytic activity
for ORR, followed by the intermediate values and the lower values,
in this order. However, it is worth pointing out that in addition to
the surface area, ORR catalytic activity is also strongly dependent
on the types of functional groups present in the material.

According to Yeager [14], carbon-based material or graphite can
generate hydrogen peroxide through the interaction between O2

species with carbons neighboring the functional group present
on its surface. The difference in electronegativity between the
functional groups and the neighboring carbon atom may alter the
electron distribution of this adjacent C by the displacement of elec-
trons p, affecting its physical and chemical properties. This way,
the functional group acts by removing or donating electron density
of this carbon (ORR active site) and, consequently, exerting influ-
ence over the O2 adsorption energy with the formation of �OOH
intermediate species (Eqs. (4) and (5)). These changes in the active
site and, consequently, in the interaction with O2 may alter the for-
mation of the final product (H2O or H2O2) (see Fig. 2A).



Fig. 1. FEG-SEM images of the carbon samples: GC (A), LIGC (B), GRA (C), PL6C (D) e PXE2BC (E).

Table 1
Estimates of surface area and element contents for GC, LIGC, GRA, PL6C and PXE2BC
obtained by elemental analysis.

Material Area BET
(m2 g�1)

%C %H %O %N %S

GC 286.1 76.1 0.3 23.3 0.3 *
LIGC 248.9 82.4 0.6 16.7 0.3 *
GRA 20.9 > 99 * * * *
PL6C 263.8 86.7 0.2 12.9 0.1 0,1
PXE2BC 1028.2 83.7 0.4 15.7 0.2 *

* Undiscovered values
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In an ideal interaction energy, the �OOH species promotes the
electrogeneration of H2O2 via 2e� ORR pathway (Eq. (6)). When
this interaction is strong, the �OOH residence time will be long
enough for the formation of HO* species, leading to H2O generation
via 2 more electrons (Equations (7) and (8)).

O2ðgÞ + * ! O2* ð4Þ

O2* + HþðaqÞ + e� ! HOO* ð5Þ

HOO* + HþðaqÞ + e� ! H2O2* ð6Þ

HOO* ! O* + HO* ð7Þ

HO* + Hþ ðaqÞ + e� ! H2O* ð8Þ
Here, the use of the symbol * shows that the species are

adsorbed on the active site. To put it briefly, the type of functional
group can play an influential role on the adsorption energy of O2

and, consequently, on which pathway ORR will occur. According
to Ma [30], O-containing functional groups, such asACOOH,ACHO,
AC@O, ACAOAC and ACOH, present in significant amounts on the
amorphous carbon surface, may participate in ORR reactions. In
addition, N-containing functional groups, including N-pyridine,
N-pyrrolic, N-quaternary and N-oxides, are also found to have cat-
alytic effects on ORR (Fig. 2B).

XPS (Fig. 3) and Raman (Fig. 4) analyses were performed in
order to evaluate the influence of the functional groups present
in each material. In addition, as aforementioned, elemental analy-
sis was conducted in order to determine the atomic percentage (at.
%) content of each element (C, H, O, N, Na and S) present in the car-
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bon materials investigated (see Table S1). Based on the results
obtained in the elemental analysis, except for graphite, all the car-
bon materials investigated presented high levels of C as the major
element (92.2 to 99.0 at. %), with O being the second highest one
(1.0 to 4.6 at. %). These results indicate the presence of oxygen
functional groups (CAO, C@O or OAC@O). The GC sample was
found to possess nitrogen functional groups in their structure,
since N levels were detected (0.2 at.%). Into PXE2BC sample there
was no S or N, but Na was detected with a 2.7 at.%.

XPS analysis was performed for all the carbon-based materials
aiming at confirming the presence of functional groups in these
materials. The binding structure was determined by the deconvo-
lution of C chemical shifts (C1s spectra) – see Fig. 3 and Table S1.
Survey analysis is a useful tool to study the C based materials sur-
face and near-surface region. First information can be obtained
from the surface elemental composition, where basal graphite sur-
face should only contain carbon on its structure. Table S1 shows
survey data for all analyzed samples, where it is possible to observe
a carbon-based material surface with very few defects being able
to find sulfur (S2p) with 0.2 at.% for GRA sample, nitrate (N1s) with
0.2 at.% of for GC sample in a very small amount. The only excep-
tion was the PXE2BC sample, with high sodium concentration (2.7
at.%). For samples LIGC and PL6C only carbon and oxygen were
found.

The C1s spectra were fitted, and carbonyl bonds (CAC) peak was
284.5 eV which is related to graphitic carbon. The GC sample
showed to be with higher percentage area (53.9%) FWHM of
1.08 eV when compared to all analyzed samples, while the PXE2BC
samples showed the lowest area (39.1%) and the GRA samples
showed the lowest FWHM with value of 0.72 eV. Also, GRA sample
was the only one to exhibit the high binding energy component
located at 289 eV; this peak is typically associated with p ? p*
transitions (24.1%). An interesting point worth mentioning is the
intensity of the aromatic C-C component, which measures the
degree of carbon aromaticity. Compared to the other carbon-
based materials, GRA possesses a relatively higher intensity CAC
peak (Table 2 and Fig. 3), exhibiting a high degree of carbon with
sp2 hybridization [13,16].

The C-H contribution is attributed to aliphatic hydrocarbons;
were the C hybrid state is mostly located at sp3 peaks and its area
varieties of a range of 28.4–36.7 %, also, no contribution of sp3
peaks into GC samples was observed. The C@O oxygenated func-
tional group is located at 290 eV and was found in both GC and
LIGC samples (10.4 and 25.0%, respectively), while the oxygenated



Fig. 2. (a) Scheme of the two possible ORR pathways showing the mechanisms of O2 molecule adsorption on the active site neighboring the functional group (FG), and (b)
some types of functional groups present in the structure of carbon-based materials.
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functional group at 286 eV (CAOAC) was found in the GC material
only with an area of 35.7%. The PL6C and XE2BC samples presented
a similar C1s spectra with aromatic CAC and CAH sub-peak, which
are related to graphitic carbon and aliphatic hydrocarbons, respec-
tively. The carboxylic group (OAC@O) located at 288.5 eV with
areas of 18.6% and 28.9% respectively, was attributed to the oxy-
genated functional group present in the structure of PL6C and
XE2BC materials.

Since the FWHM value depends on the heterogeneity of the
electronic environment of the carbon atoms on the surface mate-
rial, analyzing the C1s peaks (C-C), makes possible to conclude that
the higher values attributed to FWHM of all samples studied the
lowest it is the graphitic character of its surface [31]. The sample
with the highest conductivity should also had the smallest FWHM,
in this case the GRA samples shows the best potential application
with 0.72 eV, GRA. The LIGC and PXE2BC shows intermediate
FWHM values (0.94 and 0.91 eV) while GC and PL6C samples
shows the highest ones (1.08 and 0.97 eV). The fitted O1s core-
level spectra are similar for all analyzed samples and are located
at 532.5 eV related to C@O group.

Fig. 4 shows the high-resolution spectra of all analyzed samples
from the fermi energy edge up to 60 eV. It is possible to note that
the C2p peaks related to C2p-p/C2p-r bands do not appear, and
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only for LIGC sample the O2s-C2s peak is present. Fig. 4 illustrate
the region where those peaks should appear at the spectra [32].
In Fig. 4c, it can be observed the valence band maximum (VBM)
of all analyzed samples, where a shift of O2p can be clearly
observed at �2.0 up to �6.0 eV. The VBM is predominantly com-
posed of O2p states, while the conduction band minimum (CBM)
is composed of C2p states also showed a peak shift clearly
observed at �5.0 up to �10.0 eV. The charge carrier migration that
occurs into analyzed materials interfaces, indicates that the photo-
generated electrons generated at O2p orbitals transfer to carbon
C2p orbitals, leaving the photo-generated holes in O2p orbitals,
making the material suitable for separation of photo-generated
electron–hole pairs [33,34].

Raman spectroscopy analysis was carried out in order to con-
firm the aromaticity degree of the samples (see Fig. 5). The Raman
spectra of all the amorphous carbon samples exhibited two charac-
teristic bands: the D band at 1350 cm�1 and the G band ranging
from 1580 to 1600 cm�1. These bands are responsible of the differ-
ent optical, electronic and mechanical properties of the materials
according to the ratio of both bands. The D band is related to sp3
bonds, and as such, indicates carbon disorder and imperfections.
The G band is associated with sp2-bonded vibration of graphene
or unique graphite crystal. GRA presents a D-peak at 1360 cm�1



Fig. 3. C1s XPS spectra for GC (A), LIGC (B), GRA (C), PL6C (D), PXE2BC (E).
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and a high intensity G peak at 1590 cm�1; this indicates that GRA
possesses higher sp2 [35–38].

The PL6C, PXE2BC, LIGC and GC carbon materials showed the G-
peak displaced to values close to 1600 cm�1; and an increase was
observed in the peak intensity of D-band. This behavior is attribu-
ted to the increase in carbon disorder and imperfections, which
characterizes samples that are in transition from nanocrystalline
graphite to amorphous carbon. The disorder or interference in
the structure of carbon materials may be related to the presence
of oxygenated functional groups or edge carbon, which are found
to enhance ORR catalytic activity, promoting higher H2O2 genera-
tion [35–38].

The ID/IG ratio was calculated in order to evaluate the degree of
order/disorder of the amorphous carbon materials. GRA presented
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a low ID/IG; this implies a greater degree of purity and a decrease in
the number of defective sites. The other carbon samples presented
higher ID/IG ratio in the following order: LIG < GC < PL6C < PXE2BC.

The ID/IG values show the similar sp2/sp3 ratio between LIGC
and GC (1.6), as for PL6C and PXE2BC (1.8), which is only different
for GRA (0.2) material. The correlation between the disorder degree
of the material and its efficiency for the H2O2 production is not
clear, however these data show some characteristics to understand
the action of the materials in the ORR.

The degree of intermediate disorder for LIGC and GC shows a
behavior of materials in transition from graphical to amorphous
structures. The greater degree of disorder implies more oxygenated
functional groups and more carbon edges are found in the material
structure. The PL6C and PXE2BC materials were the ones with the



Fig. 4. High-resolution valence band (VB) spectra with intensity ratios of C2p, C2s and O2s peak-maxima (A). The lines shown in (A) are guides to the eye only. Enlarged view
of VB spectra at the vicinity of Fermi level (B). Spectra with intensity ratios of C2p and O2p (C). The lines shown in (A) and (C) are guides to the eye only.

Table 2
Carbon XPS spectra, relative peak areas and FWHM of the C1 peaks.

Area of C 1 s peaks (%) FWHM
C1 peak (eV)

Sample CAC CAH C@O CAOAC OAC@O p - p*

GC 53.9 – 10.4 35.7 – – 1.08
LIGC 42.5 32.5 25.0 – – – 0.94
GRA 47.5 28.4 – – – 24.1 0.72
PL6C 44.7 36.7 – – 18.6 – 0.97
PXE2BC 39.1 31.9 – – 28.9 – 0.91
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highest degree of disorder, with the highest amorphous structure,
high oxidation status (oxygenated functional groups) and edges
carbon on the structure. Finally, the GRA showed a lower degree
of disorder with a greater sp2 characteristic in a graphical struc-
ture. According to these results, this material has a low amount
of amorphous structure, with few defects and an unspecified pres-
ence of oxygenated functional groups. However, an expressive fea-
ture in GRA towards ORR activity is the presence of a laminar
structure with the massive composition of C@C sp2 bond, also acti-
vators of ORR.

The amount of oxygenated functional groups can influence the
hydrophilic surface of the materials. As reported in the literature
[13,16], carbon materials with high concentration of oxygenated
functional groups are found to be more hydrophilic; and this
enhances ORR catalytic activity via 2e�. In addition, the presence
of oxygenated functional groups and aliphatic groups on the car-
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bon surface allows the formation of hydrogen bonds with the
water from the solution. This leads to an increase in the hydrophi-
lic character of the material, which, in turn, contributes to the cat-
alytic activity of ORR, improving the production of H2O2 [13,16].

Contact angle assays were performed in order to evaluate the
degree of hydrophilicity of the materials (see Fig. 6). The results
obtained clearly show that the chemical composition of the sam-
ples strongly affect their contact angle with water. The following
trend was observed based on the results:
hGRA > hPL6C > hPXE2BC > hLIGC > hGC. The results imply that
the samples have different degrees of hydrophilicity (and, hence,
wettability). The higher the contact angle, the lower the
hydrophilicity of the material. GRA was found to have the lowest
degree of hydrophilicity among the samples. GC presented the
highest degree of hydrophilicity and wettability. Pouring droplets
of water on the GRA sample did not make it wet (contact angle



Fig. 5. Raman spectra of GC, LIGC, GRA, PL6C and PXE2BC materials.
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135�); by contrast, the GC and LIGC samples (contact angle 15.4�
and 20.1�, respectively) became wet when water was poured on
the surface. PL6C and PXE2BC were found lying in-between those
two extremes, with PL6C presenting a slightly higher degree of
wettability (contact angle 63.7�) than PXE2BC (contact angle
41.2�). Furthermore, the shape and size of the water droplets were
not found to produce any significant variation during the measure-
ment time; this indicates that the surface forces were in
equilibrium.
3.2. Electrochemical characterization

For the analysis of the electrochemical behavior and the charge
transfer resistance of the different carbon materials, CV and EIS
Fig. 6. Pictures and contact angle measurements of 3 mL ultrapure water drop
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experiments were performed in 2.0 mmol L�1 K4[Fe(CN)6] and
0.1 mol L�1 KCl. Fig. 7A shows the cyclic voltammograms obtained
for the GC, LIGC, GRA, PL6C and PXE2BC materials. It could be seen
that redox pair peaks of K4[Fe(CN)6] are much more defined and
reversible at LIGC, GRA, PL6C and PXE2BC compared to GC mate-
rial. The electrochemical response of the GC spheres with the
K4[Fe(CN)6] probe shows greater peak-to-peak separation (DEp)
and lower current, and this is due to the limitation of the electron
transfer rate, in this material in addition to its relatively lower
active area, as shown in BET measures.

Looking at the voltammograms of LIGC, GRA, PL6C (see Fig. 7A),
one can observe almost reversible oxi-reduction processes in these
materials. However, a slight increase is observed in potassium fer-
ricyanide redox peak currents in the following order: LIGC > GRA
and GRA > PL6C; this shows that PL6C is more electroative than
LIGC and GRA. In comparison with the PL6C, the PXE2BC voltam-
mogram did not show displacement of K4[Fe(CN)6] redox poten-
tials to less positive values. However, the PXE2BC material
showed an increase in the capacitive and fararic currents of the
cyclic voltammogram. This behavior is found to be typical of mate-
rials with high surface area, as observed in the BET analysis. With
the subtraction of the capacitive current, the faradic current of this
material is in the same order of magnitude as the other carbon
materials (except for the GC), showing that for the K4[Fe(CN)6]
mediator redox reaction studied, the LIG, GRA, PL6C and PXE2BC
materials showed similar electrocatalytic effects on CV
measurements.

EIS was performed in order to study the interface of carbon
materials and their conductivity. The nyquist spectra and equiva-
lent circuit used for the study of the materials interface are shown
in Fig. 7B, where the circuit is composed of solution resistance
(Rsol), charge transfer resistance (Rct), Warburg impedance (W)
and capacitance of the double electric layer (Cdl).

The Rct value calculated based on the equivalent circuit for the
carbon materials investigated are presented in Table 3.

GC presented the lowest conductivity, followed by LIGC, GRA,
PL6C and PXE2BC. The high charge transfer resistance of GC may
ped on micro layers of GC (A), LIGC (B), GRA (C), PL6C (D) e PXE2BC (E).



Fig. 7. (A) CV and (B) nyquist spectra of GC, LIGC, GRA, PL6C and PXE2BC materials.

Table 3
Charge transfer resistance (Rct) of carbon materials.

Carbon material GC LIGC GRA PL6C PXE2BC

Rct (X) 11,652 9459.3 6446.2 4208.8 166.60
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be associated with its lower surface area compared to other carbon
materials. The presence of functional groups associated with a
large surface area boosts electrons transfer, leading to an increase
in the conductivity of the material. PXE2BC was the most conduc-
tive carbon material, with a Rct nearly 10-fold lower than LIGC,
GRA and PL6C and about 100-fold lower than GC. This material,
in addition to having the largest surface area compared to other
carbon materials, also has oxygenated functional groups in its
structure that facilitate electronic transfer.

The electrochemically active surface area (ECSA) for each car-
bon material was estimated from the electrochemical capacitance
of the double layer of the catalytic surface (Cdl) [39,40]. Electro-
chemical capacitance was obtained by cyclic voltammetry (CV) in
the non-Faradic potential region (at �0.350 V vs Ag/AgCl) at differ-
ent scanning rates (10 to 100 mV s�1). Figure S1 shows the CV pro-
files of GC, LIGC, GRA, PL6C and PXE2B CVs at the different scan
rates studied. From the linear slope of Fig. 8A, corresponding to
Cdl, the electrochemical area of each carbon material was esti-
Fig. 8. (A) Capacitive density current average at �0.35 0 V versus the different scan rate
GRA, PL6C and PXE2B.

64
mated. The Cdl values of GC, LIGC, GRA, PL6C and PXE2B were
6.74 � 10�5, 1.93 � 10�4, 2.39 � 10�4, 9.89 � 10�4 and
1.20 � 10�3F cm�2, respectively.

The BET specific surface areas do not correspond to the trends of
electrochemical surface areas for the carbon materials, (Fig. 8B).
The BET surface values were almost constant for GC, LIGC and
PCL6, with GRA and PXE2B having the smallest and largest surface
area, respectively. However, from the Cdl values (Fig. 8A), it can be
seen that the GC has the smallest electrochemical area, followed by
LIGC and GRA. The materials PL6C and PXE2B had an electrochem-
ical surface area almost 20 times greater than the other materials
studied based on the Cdl values.

The ECSA is the most suitable measure to evaluate the effect of
the surface area, since the determination is carried out in elec-
trolyte instead of gas, as is the case with BET. Although BET is effec-
tive in evaluating the physical surface area, the evaluation of the
intrinsic electrochemical activity of the material is obtained by
ECSA from the quantification of density of active catalytic sites
[41]. There are different methods for determining the ECSA of a
material, however, double-layer capacitance is generally used to
evaluate carbon materials [42,43]. Based on the Cdl values, the
ECSA was estimated, according to equation (9):

ECSA ¼ Cdl
Cs

ð9Þ

where Cs is the standard flat area of capacitance corresponding to
40 lF cm�2 [42,44,45]. The ECSA of the GC, LIGC, GRA, PL6C and
PXE2B was approximately 1.68, 4.81, 5.96, 24.71 and 30.1 per ECSA
s; (B) Electrochemical active surface areas (ECSA) and BET surface area for GC, LIGC,
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cm�2 respectively, Fig. 8B. The morphology, the particle size and the
active sites of the carbon materials may have influenced the active
electrochemical area of the materials. Structures in the order of mm
and form of spheres, sheets or agglomerated plates observed for GC,
GRA and LIGC respectively, probably have a smaller contribution to
ECSA due to the smaller physical surface area and quantity of active
sites and oxygenated functional groups, when compared to PL6C
and PXE2B nanoparticles. These results suggest that these printex-
type materials have greater electrocatalytic activity.

Fig. 9A and 9B show the cyclic voltammetry (CV) for the micro
layer of GC, LIGC, GRA, PL6C and PXE2BC materials in N2A-and O2-
saturated solutions, respectively. The voltammogram of the N2-
saturated solution (Fig. 9A) shows a redox pair for PXE2BC, PL6C
and GRA; this is attributed to the functional groups present in each
material. The LIGC and GC materials did not present a faradaic cur-
rent response in the same potential range; these materials exhib-
ited small or no redox reaction of oxygenated groups (as
displayed in the XPS analysis).

PXE2BC and PL6C presented pairs of anode and cathode peaks in
the region of �0.2 to �0.4 V (vs. Ag/AgCl), which can be associated
Fig. 9. Cyclic voltammetry curves for GC, LIGC, GRA, PL6C and PXE2BC materials in (A) N2

at scan rate of 50 mVs �1.
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with the redox reaction of oxygenated functional groups, such as
quinones, anthraquinones, carboxylic acids, found in significant
amounts on the surface of these groups. Another relevant observa-
tion that merits mentioning is the relatively higher current values
obtained for PXE2BC compared to other catalysts (PL6C, in partic-
ular). According to the Randles-Sevcik equation, the material area
is directly proportional to the current value. Thus, this increase
in current value is related to the high surface area of PXE2BC
(PXE2BC presented a surface area 3.7 times higher than that of
PL6C according to the results obtained from the BET analysis).

Interestingly, although GRA also presented a redox peak in the
same potential region investigated, its profile may be associated
with the predominance of C=C functional groups, as confirmed
by XPS and Raman analyses. The relatively lower current intensity
of GRA compared to the Printex carbon materials is attributed to
the small surface area and the absence of oxygenated functional
groups in GRA.

The CV in O2-saturated solution (see Fig. 9B) showed the same
profile as the N2-saturated solution, the only exception being the
addition of an irreversible ORR peak. The peak potential value
A-and (B) O2-saturated electrolyte solution containing 0.1 mol L�1 K2SO4 (pH = 2,0),
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shows the energy required for the reaction to occur; as such, the
lower the reaction overpotential applied (values closer to zero),
the lower the energy consumption related to the ORR. Of all the
carbon materials investigated, GC presented the most negative
value for ORR: �0.8 V (vs Ag/AgCl); LIGC and GRA registered the
values of �0.6 and �0.5 V, respectively. The Printex carbon sam-
ples presented the highest potential shift, with values of �0.3
and �0.2 V (vs. Ag/AgCl) for PL6C and PXE2BC, respectively. Fur-
thermore, with regard to energy consumption in ORR, GC was
found to be the material with the highest amount of energy con-
sumption, while PXE2BC consumed the lowest amount of energy.

The shift in the reaction potential can be analyzed in a hydrody-
namic process by linear scanning voltammetry with the aid of a
rotating ring disk electrode (RRDE). In this experiment, different
rotation speeds are generally studied to evaluate the shift in
H2O2 generation potential and the proportional increase in the cur-
rent in the disk / ring. This study also makes it possible to assess
the physical stability of the carbon micro layer with mechanical
agitation, since the increase in rotation leads to a proportional
increase in the current, and the opposite behavior may be related
to the loss of material on the electrode surface. The LSV obtained
for the speeds of 100, 400, 900, 1600 and 2500 rpm are shown in
Figure S2, where it is possible to observe a proportional increase
of the current with the increase of the rotation. Due to the limited
arrival of O2 on the surface of the micro layer at lower speeds
(100 rpm) and its saturation at high speeds (2500 rpm), the rota-
tion speed of 900 rpm was chosen for the discussion of the ORR
study.
3.3. ORR study

The study of the ORR of the carbon samples by linear scanning
voltammetry was performed using rotating ring-disk electrode
(RRDE). The values of currents recorded on the disk are related to
the oxygen reduction reaction (ORR). A constant potential was
applied on the ring and the current values detected were attributed
to H2O2 oxidation. Thus, the linear scanning voltammetry graphs
obtained had two parts: the upper part, which refers to the current
values recorded on the ring, and the bottom part, which is related
to the current values recorded on the disk. The correlation between
Fig. 10. (A) Linear sweep voltammetry analysis of CG, LICG, GRA, PL6C and PXE2BC; (B
carried out under the rotation rate of 900 rpm, using a supporting electrolyte containing 0
5 mV s�1.
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both currents values allows qualitative determination of H2O2 effi-
ciency and the number of electrons transferred. To carry out hydro-
dynamic analysis on the RRDE, the following equations (10 and 11)
proposed by Paulus [46] were employed. These equations provide
an approximate value of the percentage of H2O2 electrogenerated
(Eq. (10)), and the number of electrons involved in the reaction
(Eq. (11)).

H2O2% ¼ 2ia=N
id þ ia=N

100% ð10Þ

ne� ¼ id
id þ ia

N

ð11Þ

where id is the current value from the ORR on the disk; ia is the cur-
rent value recorded on the ring; and N is the collection number (re-
ported by the RRDE manufacturer - N = 0.37).

In Fig. 10, one can observe that the carbon catalysts present a
similar profile, yet the ORR can be found to begin at different
potential values. Both GC and LIGC presented potential values close
to �0.45 V, with 86.6 ± 1.8% and 88.1 ± 1.4%, respectively, of %H2O2

electrogenerated. The percentage value of H2O2 electrogenerated
means that out of 100% of the reactions that can occur in ORR,
the value showed refers to the amount of H2O2 generated, while
the remainder refers to the amount of H2O generated. GRA pre-
sented an ORR onset shifted towards more positive potentials to
�0.30 V, with %H2O2 electrogenerated of 92.2 ± 0.8%, followed by
PL6C at �0.15 V and PXE2BC close to �0.1 V. The shift of the poten-
tial to more positive values suggests lower energy consumption in
the ORR process. PL6C and PXE2BC presented 90.3 ± 0.6% and
90.0 ± 0.8%, respectively, of %H2O2 electrogenerated.

The number of electrons involved in the ORR process was also
determined for the catalysts. The values obtained were close to
each other: 2.16 for GRA, 2.19 for PL6C, 2.20 for PXE2BC, 2.24 for
LIGC, and 2.26 for GC. The values of %H2O2 electrogenerated and
the number of electrons can be seen in Fig. 10(B) and (C), respec-
tively. The values presented refer to the average value obtained
in the potential range of each material.

In addition to the ORR study, the stability of the films of carbon-
based materials was also evaluated, since Nafion was not used in
this work. For this, 10 LSV were performed under the same condi-
) %H2O2 electrogenerated and (C) number of electrons involved in the ORR process
,1 mol L�1 of K2SO4 (pH 2), in the potential range of 0.4 a � 0.8 V, and at scan rate of
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tions as before, and as can be seen in Figure S3, all materials
showed high stability, in which the voltammograms overlapped
each other.

Therefore, the findings from this study indicate the following
order in terms of catalyst efficiency for H2O2 electrogeneration:
GRA > PL6C > PXE2BC > LIGC > GC. Moreover, high reaction effi-
ciency for obtaining H2O2 via 2e� instead of H2O via 4e� was
observed for all materials.

In order of selectivity of the reaction towards H2O2 production,
the materials presented the following efficiency sequence:
PXE2BC > PL6C > GRA > LIGC > GC. Among the carbon-based mate-
rials investigated, GC was found to be the least efficient in H2O2

electrogeneration probably due to the types of functional groups
present in its structure. In line with the results obtained from the
XPS analysis, the main functional groups present in the GCmaterial
were CAC, C@O and CAOAC; these groups may not have an active
participation when it comes to triggering ORR via 2 electrons. The
next in line, in terms of poor H2O2 electrogeneration, is LIGC,
which, with the aid of elemental analysis, showed the presence
of nitrogen in larger quantities in relation to the other catalysts.
Some researchers suggest that materials with N-functional groups
usually target ORR 4-electron pathway. On the other hand, the
presence of N-functional groups, such as pyrrolic-N or pyridinic-
N within carbon matrices, may contribute to ORR 2-eletron path-
way [14,30]; however, these functional groups were not found in
the LIGC material investigated in this work. In summary, GC and
LIGC showed low activity in the ORR towards H2O2 production,
due to their low hydrophobicity, low ECSA active area and oxy-
genated functional groups with low electrochemical activity for
the ORR compared to the other carbonaceous materials studied.

The fact that GRA contains C@C groups, the p-p transitions pro-
vide electronegative regions which contribute toward increasing
the positive charge on the ORR active sites. This facilitates molec-
ular O2 adsorption compared to CAC (sp3) and non-active func-
tional groups, as observed for GC and LIGC. The presence of C@C
sp2 causes a shift in the ORR potential, despite the fact that the car-
bon material has a small surface area and does not possess oxygen
groups on its surface. Its greatest efficiency for H2O2 production is
related to the laminar structure of material and its low hydropho-
bicity that facilitates the release of the product via 2e� compared
to the porous materials.

The PL6C and PXE2BC catalysts showed the highest electro-
chemical activity ORR due to the presence of oxygenated func-
tional groups that activate this reaction such as carboxyl
(OAC@O) and carbonyl (C@O) and also by hydrophobic character-
istics of its surface correlated with its large surface area and high
value of active sites.
4. Conclusions

The present work studied the effects of structural and physico-
chemical properties of different carbon-based catalysts on oxygen
reduction reactions. The FEG-SEM results show that morphology
and particle size play a significant role on ORR efficiency. Essen-
tially, as observed for the GC, PL6C and PXE2BC catalysts investi-
gated in this study, the smaller the carbon material particles, the
higher is its surface area. Among the carbon materials investigated,
PXE2BC presented the highest surface area; this is directly related
to the number of active sites present on the surface of this material
as noted in the ECSA measurement. The high electrochemically
active surface area led to the greater displacement of the ORR
potential to more positive values; in other words, to lower energy
values required for the ORR to occur.

Another factor regarded relevant for the enhancement of ORR
efficiency is the type of functional group present in the carbon
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material. Elemental and XPS analyses have shown that oxygenated
functional groups (carboxyl) exert the greatest influence on ORR.
These groups facilitate the displacement of the active site electron
density and allow a better adsorption interaction of O2 on the sites,
leading to a more efficient electrogeneration of H2O2. The GRA
showed a small number of oxygenated functional groups, however
its activity for the ORR was related to the considerable presence of
C@C (Csp2) graphical bonds of the material. Finally, as was
observed in the GC and LIGC samples, there may be oxygenated
or nitrogenated functional groups that do not have such a positive
influence on ORR.

Based on the results obtained in this study, carbon black
PXE2BC presented the greatest properties among the carbon mate-
rials investigated; the high surface area, quantity and type of oxy-
genated functional group present in PXE2BC contributed to the
highest amount of H2O2 electrogeneration via ORR. It is notewor-
thy that, to date, PXE2BC has been scantly reported in the literature
as an ORR electrocatalyst material. The results of this study show
that PXE2BC can be used as a suitable catalyst for H2O2 electrogen-
eration by ORR. Further studies need to be carried out in order to
better ascertain and explore the properties of this carbon material.
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