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ABSTRACT: Platinum group metal-free (PGM-free) electrocatalysts for the oxygen
reduction reaction (ORR) often exhibit a complex functionalized graphitic structure.
Because of this complex structure, limited understanding exists about the design factors
for the synthesis of high-performing materials. Graphene, a two-dimensional hexagonal
structure of carbon, is amenable to structural and functional group modifications, making
it an ideal analogue to study crucial properties of more complex graphitic materials
utilized as electrocatalysts. In this paper, we report the synthesis of active nitrogen-doped
graphene oxide catalysts for the ORR in which their activity and four-electron selectivity
are enhanced using simple solvent and electrochemical treatments. The solvents, chosen
based on Hansen’s solubility parameters, drive a substantial change in the morphology of
the functionalized graphene materials by (i) forming microporous holes in the graphitic
sheets that lead to edge defects and (ii) inducing 3D structure in the graphitic sheets that
promotes ORR. Additionally, the cycling of these catalysts has highlighted the multiplicity
of the active sites, with different durability, leading to a highly selective catalyst over time,
with a minimal loss in performance. High ORR activity was demonstrated in an alkaline electrolyte with an onset potential of
∼1.1 V and half-wave potential of 0.84 V vs RHE. Furthermore, long-term stability potential cycling showed minimal loss in
half-wave potential (<3%) in both N2- and O2-saturated solutions with improved selectivity toward the four-electron reduction
after 10000 cycles. The results described in this work provide additional understanding about graphitic electrocatalysts in
alkaline media that may be utilized to further enhance the performance of PGM-free ORR electrocatalysts.
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D evelopment of novel electrocatalysts for the oxygen
reduction reaction (ORR) is crucial for numerous

electrochemical energy conversion and storage devices such
as metal−air batteries, fuel cells, and certain electrolyzers.1−4

Fuel cells, in particular, rely on costly and scarce platinum
group metal (PGM) catalysts for ORR,5,6 thus stimulating
efforts to develop PGM-free catalysts. Recently developed
PGM-free catalysts synthesized from earth-abundant elements,
e.g., carbon, nitrogen, and iron, have shown promising ORR
activity in alkaline electrolyte and have the potential to
significantly impact several commercial applications.7,8 In
alkaline environments, the ORR can proceed via a 4- or 2 +
2-electron pathway according to the following reactions:

+ + →
− −

O 2H O 4e 4OH2 2 (1)

+ + → +
− − −

O H O 2e HO OH2 2 2 (2)

+ + →
− − −

HO H O 2e 3OH2 2 (3)

The direct four-electron reduction pathway is described by eq
1. Alternatively, O2 can be reduced via a two-electron reaction
as shown in eq 2 producing the hydroperoxyl radicals HO2

−,
which are undesired as they are known to negatively affect

membrane durability.9−11 Additionally, in thicker electrode
structures, the slow diffusion of products can further reduce
HO2

− to OH− according to eq 3. However, a thicker electrode
layer will consequently increase the mass transport barrier and
the impedance of the electrode which are both detrimental to
the electrochemical device such as the fuel cell.12 Therefore, it
is imperative to study the selectivity of the catalysts toward the
ORR to develop highly selective PGM-free catalysts for
maximizing the four-electron reaction and for eliminating the
production of harmful radicals and the need for thicker
electrodes.
The best performing PGM-free electrocatalysts have tradi-

tionally been synthesized from the pyrolysis of transition metal
precursors, nitrogen-containing compounds, and porous
carbons supports producing complex N-doped graphitic
structures.13−25 However, there is currently limited under-
standing of the design parameters that can allow for tailored
synthesis of PGM-free catalytic materials. Furthermore, the
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origin of selectivity for ORR from these highly heterogeneous
carbon structures has not been studied, which limits the
understanding of the active site formation.7,26−30 Graphene, a
two-dimensional hexagonal lattice of carbon, is amenable to
structural and functional group modifications,31−34 making it
an ideal model structure that can be used to perform
systematic investigations on catalyst formation. Importantly,
the relatively simple graphene-based materials can be easily
studied using spectroscopic techniques, such as Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS),
to better understand the changes undergoing between the
catalyst precursor form and the final catalyst material.35

Functionalized graphene has already been shown to be ORR-
active.36−43 The conventional approach to synthesize resilient
nitrogen-doped graphitic catalysts involves the exfoliation and
functionalization of graphite using strong oxidizing agents,32,34

which facilitate nitrogen incorporation via a high-temperature
treatment in an ammonia-gas environment.36 These nitrogen-
doped graphitic systems often produce lower ORR activity and
selectivity than conventional nitrogen-doped mesoporous
PGM-free catalysts.36,43−46 This behavior is most likely due
to a number of factors, namely fewer number of accessible
active sites due to the restacking of N-doped graphitic sheets,
limiting the diffusion of reactants. Recent studies have shown
that multitudinous active sites contribute comparatively to the
activity for oxygen reduction to peroxide and/or to water as
well as peroxide electroreduction to water and nonelectro-
chemical disproportionation to peroxide.47 Analysis of the
individual contributions of heterogeneous active sites in
advanced PGM-free catalysts is obscured by the fact that
iron moieties atomically dispersed, associated with nitrogen, or
displayed as nanoparticles of metallic iron or iron carbide
contribute substantially to all these processes.48,49 The role of
the nitrogen moieties was targeted in recent studies,50

revealing that it has both independent contributions to
hydrogen peroxide production and cocatalysis function of
atomically dispersed iron. Making model catalysts by methods
that specifically exclude any presence of iron becomes critical
to understand the role of oxygen and nitrogen moieties and the
contribution of carbonaceous matrix morphology through the
contribution of one or more active sites to both activity and
selectivity of oxygen reduction.
Here we describe the development of highly selective

nitrogen-doped graphene-based model catalyst, structurally
well-defined and modified via simple and controlled techniques
that provide activity and functionality. This work advances the
comprehension of PGM-free catalyst synthesis through the
improvement of activity and selectivity using a combination of
solvent and electrochemical treatments. The solvent treatment
of graphene oxide results in drastic change in morphology of
the catalytic materials that enhances its resulting ORR activity.
Furthermore, cycling the catalyst further improves its
selectivity. XPS and Raman spectroscopy were used to monitor
the chemical changes of the functionalized graphene materials
providing a strong correlation between structure and catalytic
activity/selectivity. We observed an onset potential of ∼1.1 V
and half-wave potential of 0.84 V in alkaline media.
Furthermore, long-term potential cycling resulted in only a
minimal loss in half-wave potential in both N2- and O2-
saturated solutions, with improved selectivity toward the four-
electron reduction after 10000 cycles. This study brings light to
the ORR performance of highly graphitic PGM-free catalysts
and, more precisely, to the multiplicity of active sites and their

different stability and selectivity toward the ORR in alkaline
medium.
The solvent-treatment process that we have developed to

promote the four-electron ORR process on N-doped graphitic
electrocatalysts in alkaline media is shown in Figure 1.

Graphite, a compact stack of sp2-hybridized carbon sheets
with an interplanar distance of 3.4 Å, is oxidized via a modified
Hummers method,31,34 forming oxygen-functionalized gra-
phene, or graphene oxide (GO). The resulting GO nanosheets
suspended in water are then exposed to different solvents.
Structurally, the solvents utilized for this study are divided into
two groups: noncyclicwater, ethanol, and diethyl etherand
cyclicpyridine and toluene. Solvent structures and solubility
properties are summarized in Figure S1. It is important to note
that although organic solvents have been used to disperse
GO,51,52 their effect on structure and properties has not been
completely explored.43 Critical solvent properties investigated
here include Hansen’s solubility parameters (dispersion, δd,
hydrogen bonding, δH, and polarity, δp), water miscibility, and
boiling point. These properties are important to consider
because the GO nanosheets are predominantly solvated by
H2O molecules, which may affect the interaction between GO
and other solvents. The dispersion parameter for all solvents
studied is similar; however, their hydrogen bonding and
polarity parameters vary significantly. Moreover, the miscibility
of each solvent in water also varies; for example, while ethanol
and pyridine are miscible in water, diethyl ether and toluene
are only negligibly miscible. Because of varying solvent
properties, vacuum-dried, solvent-treated GO, and untreated
GO nanosheets displayed different interplanar distances
(Figure S2). These solvent-treated GO nanosheets were then
subjected to a high-temperature ammonia treatment (850 °C),
resulting in nitrogen-doped reduced-graphene oxide (NrGO)
electrocatalysts.
Structural and functional characterization of NrGO electro-

catalysts was performed using a number of different techniques
including X-ray diffraction (XRD), XPS, Raman spectroscopy,
and scanning electron microscopy (SEM). Both XRD (Figure
S2) and XPS (Figure 2a−c and Figure S3) characterization
techniques revealed only minor differences in the structure and
elemental speciation of all solvent-treated NrGO electro-
catalysts. XRD patterns indicate minimal differences in the

Figure 1. Schematic of synthesis process. Graphite is (i) exfoliated
and oxidized into graphene oxide, (ii) treated with different solvents,
and dried before (iii) nitrogen doping in a reactive ammonia
atmosphere at high temperature (850 °C). The resulting morphology
of the final catalyst is dependent on the solvent used to treat the
graphene oxide prior to nitrogen doping.
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solvent-treated samples with all catalysts exhibiting a d-spacing
of 3.4 Å with a broad graphitic peak at 26°, which is indicative
of a small crystallite size53 (Figure S2). XPS data displayed a
similar C 1s spectrum (Figure S3), i.e., predominantly graphitic
carbon (284.7 eV) with some presence of C−O (286.3 eV)
and CO species (286.3 and 287.8 eV). N 1s spectra shown
in Figure 2a−c show the presence of pyridinic, amine, pyrrolic,
and graphitic nitrogen (at 398.5, 399.5, and 400.5 eV,
respectively). Moreover, diethyl ether- and ethanol-treated
samples have slightly higher concentration of nitride edge sites,
such as imines or nitriles (397.4 eV), as shown in Figure 2c
and Figure S3. The total nitrogen content of all NrGO
catalysts varies between 5 and 7 atomic % (Figure S4).
Raman spectroscopy performed on water-, diethyl ether-,

and pyridine-treated samples is depicted in Figures 2g, 2h, and
2i, respectively. All spectra show the presence of a peak at 1350
cm−1 corresponding to the D-band, the disorder-induced band,
typically seen in graphene-based materials, as well as a peak at
1600 cm−1 corresponding to the G-band, originating from
graphite-like sp2 hybridization of carbon. Additionally, the
water-treated sample (Figure 2g) shows a strong peak at 2670
cm−1 corresponding to the 2D band of graphene or NrGO,
whereas the same peak is weakened for the diethyl ether- and
pyridine-treated samples. The weakened 2D peak and
enhanced D peak for the NrGO obtained from aqueous
solvent are specific to few-layered reduced graphene oxide.54,55

In general, solvent-treated NrGO electrocatalysts have Raman
signatures specific to disordered, defected, few-layered
graphene, as indicated by a change in the D/G ratio with an
increased D-bandwidth and disappearance of the 2D peak.56

While there were few differences between XRD and XPS
spectra among NrGO electrocatalysts, significant morpholog-

ical differences were consistently observed from SEM (Figure
2d−f). The water-treated sample displayed a smooth surface
with very few edges exposed or defects and correlates well with
the Raman signatures of the samples. The pyridine-treated
catalyst showed the roughest surface (largest value of average
surface roughness Ra = 49 calculated using digital image
processing57) among all samples (Ra for water and diethyl
ether samples are 29 and 38, respectively) with extremely small
wrinkles covering the entire surface. The ether-treated catalyst
displayed a high concentration of defects in the graphitic lattice
between 5 and 20 μm in diameter (“holey” NrGO).43 Porosity
calculated from the SEM images58 shows that the diethyl ether-
treated sample has highest porosity of 14−20%, while much
smaller porosity was obtained for pyridine- and water-treated
samples (4−7% and 1−2%, respectively). The ethanol-treated
sample showed a rough and wrinkled surface, exposing edges,
as well as a few holes ranging from 2 to 10 μm in diameter
(Figure S5). The porosity and surface roughness can affect the
wetting characteristics of the samples, which are crucial for
optimizing catalyst for the ORR reaction. Therefore, the
impact of these morphological features on the materials
wettability was studied using contact angle measurements
(Figure S6). The contact angle between water and an NrGO
catalyst was measured for the water-, diethyl ether-, and
pyridine-treated samples. The contact angles for respective
catalyst films were 150°, 50°, and 30°, respectively, indicating
that wetting characteristics are enhanced with solvent treat-
ment. Of the three treatments, the one with pyridine appears
to allow for a triple-phase boundary (electrolyte, catalyst, and
gas phase reactants) ideal for ORR.
The electrocatalytic ORR activity and selectivity of the

NrGO electrocatalysts were measured using a rotating ring-

Figure 2. (a−c) XPS N 1s spectra, (d−f) SEM images, and (g−i) Raman spectra of the best performing NrGO catalysts treated with selected
solvents including water (a, d, g), diethyl ether (b, e, h), and pyridine (c, f, i).
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disc electrode (RRDE) in O2-saturated 0.1 M NaOH
electrolyte (Figure 3). The number of electrons transferred
per molecule of oxygen, i.e., an indicator of the selectivity for
the ORR and therefore of the amount of hydroperoxyl radicals
generated, was determined according to the following
equation:

= ×

+

n
i

i

4
i

N

d

d
r

(4)

where n is the number of transferred electrons transferred per
molecule of oxygen, id the disc current, ir the ring current, and
N the collection efficiency of the ring. Selectivity toward the
four-electron transfer reaction refers to the generation of four
OH− according to eq 1. The undesired alternate reaction that
could also occur is the partial reduction of O2 to a HO2

−

shown in eq 2. The ORR performance of a catalyst is defined
by its high activity and its absence of hydroperoxyl radical
generation and, more importantly, by its half-wave potential
(E1/2) and onset potential (Eonset) of the catalyst, i.e., the
potential at which the ORR starts to occur. The thermody-
namic reversible potential (E°) of the oxygen reduction
reaction at 25 °C is 1.23 V versus the reversible hydrogen
electrode (RHE). Any additional potential required to drive
the ORR is called the overpotential (η). High-performing ORR
catalysts are characterized by low η, high E1/2, high selectivity
values for four-electron transfer and high limiting current. As a
reference, graphite shows an Eonset of 0.79 V vs RHE with no
limiting current and low selectivity for the four-electron
reaction (n = 2.5). The observed ORR activity and selectivity
for the NrGO electrocatalysts varied depending on the solvent

used to treat the graphene oxide precursor prior to N-doping.
Lower performance and selectivity were observed from the
water-treated NrGO with an Eonset of 1.03 V vs RHE and an
E1/2 of 0.77 V vs RHE. Comparable onset potentials were
obtained with other solvents: for noncyclic solvents, ethanol-
and ether-treated NrGO catalysts demonstrated an Eonset of
1.07 and 1.10 V vs RHE, respectively, whereas cyclic solvents
such as pyridine and toluene showed Eonset of 1.03 and 1.11 V
vs RHE, respectively. In contrast, there was a significant shift
toward a more positive E1/2, revealing an improvement of the
activity and selectivity of the solvent-treated NrGO catalysts.
In the case of noncyclic solvents, ethanol- or ether-treated
NrGO shifted E1/2 to 0.81 V vs RHE. In the case of cyclic
solvents, the toluene-treated NrGO shifted E1/2 to 0.80 V vs
RHE, while the pyridine-treated NrGO exhibited the highest
ORR activity with an E1/2 of 0.84 V vs RHE. The current
generated from the oxidation of HO2

− was also recorded
during the ORR polarization curves and converted to number
of electrons as shown in eq 4. All catalysts showed a
combination of 2- and 4-electron reactions, with water showing
n = 3.3 at 0.5 V vs RHE. The n values for ethanol-, diethyl
ether-, pyridine-, and toluene-treated samples were 3.5, 3.8, 3.5,
and 3.4 at 0.5 V vs RHE, respectively. Based on these results,
diethyl ether- and pyridine-treated samples showed the highest
selectivity and performance in alkaline electrolyte. For
comparison, a standard graphite electrode is shown in Figure
3, wherein n = 2.5 is observed. In contrast, platinum reportedly
reduces oxygen via a 4-electron (n = 4) transfer reaction.5

Therefore, it is evident that solvent-treatment prior to nitrogen
doping has a drastic effect on catalytic activity and more
importantly leads to an increased number of electrons

Figure 3. Electrocatalytic activity and selectivity of solvent-treated nitrogen-doped GO catalysts for the oxygen reduction reaction. (a) ORR activity
of NrGO catalysts treated with noncyclic solvents. (b) ORR activity of NrGO catalysts treated with cyclic solvents. (c) ORR selectivity of NrGO
catalysts treated with noncyclic solvents. (d) ORR selectivity of NrGO catalysts treated with cyclic solvents. NrGO−water data are added for
comparison purposes. RRDE conditions: steady-state voltammetry using 30 mV potential step and 30 s potential hold time at every step; Pt ring
held at a constant potential of 1.3 V vs RHE; electrolyte 0.1 M NaOH; temperature 25 °C; rotation rate 900 rpm.
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transferred as indicated by the selectivity data. In fact,
according to the previous contact angle measurements and
SEM imaging (Figures 2g−i and Figure S5), strongly suggest
that the morphology resulting from the solvent treatment,
creating the porosity and surface roughness, are the main
contributors to the high activity and low hydroperoxyl yield of
these materials.
Stability and durability are another important consideration

for an ORR catalyst. Such studies were conducted in N2-
saturated media by cycling the catalyst 10000 times from 0.6 to
1.0 V at 100 mV/s. Notably, after 10000 cycles, the ORR
performance of the most active electrocatalyst (NrGO-
pyridine) showed only a 20 mV decrease in half-wave potential
(Figure 4a) with an improved selectivity of the catalyst from a
mixed reaction (n = 3.5) at 0.5 V to a near 4-electron reaction
(Figure 4b). The limiting current stayed constant with a value
of 2.5 mA cm−2. To confirm the results observed from RRDE
experiments, Koutecky−Levich plots were derived before and
after cycling. These results confirm the transition from a mixed
reaction to a highly selective 4-electron reaction and therefore
to a huge reduction in hydroperoxyl radical generation (Figure
4c,d).
As mentioned previously, the ORR activity shows an initial

mixed mechanism of n = 3.4 electrons per molecule of oxygen.
This initial performance is the combination of different active
sites, promoting either a 2- or a 4-electron reaction. As we
cycle the catalyst in a reductive environment, the mechanism
shifts toward a more selective 4-electron process despite a
minimal half-wave potential decrease and no limiting current
change (Figure 4). This data suggests that the reduction of

oxygen initially occurs via two 2-electron reaction. Further-
more, the question arises that the cycling of the electrocatalysts
either destroys sites promoting the first reaction leading to
peroxide radicals being formed, as shown in eq 2, or unveils
more active sites dedicated to the reduction of peroxide
radicals into hydroxides shown in eq 3. To understand by
which mechanism higher selectivity is achieved, chronoamper-
ometry was performed in the presence of peroxide in the
electrolyte. The reduction of these radicals into OH− by the
catalysts is shown in Figure S7 and clearly indicates that a
reduction current appearing as 1 mmol of peroxide radicals is
being introduced in the solution. Additionally, there is no
change in current density or in slope before and after cycling.
This suggests that the rate of decomposition of peroxide
radicals remains the same and therefore that cycling the
catalyst would destroy peroxide-generating active sites (eq 2)
rather than unveiling new peroxide-reducing active sites.
Understanding the mechanism of selectivity of iron-free,
carbon-based, PGM-free catalysts for ORR relies on their
chemical moieties, their surface concentration, and their
morphology through accessibility to the active sites. The
treatment of this work in 2D materials is hindered by the low
active site surface concentration, while moving to 3D structure
made of 2D materials (this work), the challenge lays primarily
in the control of morphology. The morphology of M-N-C
catalysts is as complex as or even more complex than the
model catalyst described in this work. The critical attempt
made here is to reveal that the synthetic path which involves
solvent, facilitating the stacking of these graphene materials, is
a major contributor to morphology. In fact, as mentioned in a

Figure 4. Selectivity, durability, and kinetic activity of NrGO derived from pyridine rinsed GO. (a) RRDE measurement of ORR activity before and
after 10000 cycles in N2. (b) Peroxide yield (in terms of number of electrons) before and after 10000 cycles. (c) Koutecky−Levich plot before
cycling. (d) Koutecky−Levich plot after cycling. RRDE conditions: steady-state voltammetry using 30 mV potential step and 30 s potential hold
time at every step; Pt ring held at a constant potential of 1.3 V vs RHE; electrolyte 0.1 M NaOH; temperature 25 °C; rotation rate 900 rpm.
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previous study,43 the solvents leading to the best performing
NrGO catalysts, namely diethyl ether and pyridine, can
presumably substantially alter the structure of water-interca-
lated GO. This is likely due upon annealing to (i) confined
water molecules that could form holes perpendicular to the
sheets as they escape in the case of diethyl ether52,59 or (ii) a
reduced d-spacing between GO sheets as solvents are escaping
as seen in the case of ethanol and pyridine.51,59 The role of
graphene stacking in M-N-C catalysts was linked to the nature
of the actives sites as in-plane or edge defect.60 For platinum
catalysts, morphology and activity interplay dramatically
depends on carbon support structure, and it becomes even
more important with transition toward low-PGM cata-
lysts.61−63 In the presented work, the concentration of active
sites appears to be directly related to the morphology of the
material, through either in-plane roughness or the creation of
holes, associated with a high concentration of edges. In GO
and NrGO, the oxygen-containing groups are usually
associated with edge defect. With ORR following a 2 + 2-
electron reaction mechanism, it is likely that the second 2-
electron reaction involving the reduction of HO2

− groups to
OH− directly involve oxygen-containing edges.
In summary, we have shown that exposing our model

catalyst, GO, to various solvent treatments results in
electrocatalysts with very different morphology after nitrogen
doping in an ammonia environment at 850 °C. These resulting
morphological differences lead to materials with different ORR
selectivity exhibiting both 2 + 2- and 4-electron catalytic
behavior. However, after cycling the NrGO electrocatalyst
rinsed in pyridine in an RRDE experiment, we found that the
material shifted its ORR behavior to a predominantly 4-
electron reaction, i.e., its generation of hydroperoxyl radicals,
detrimental to fuel cell durability, dropped significantly, with
little loss in overall performance. The cycling of the catalysts
destroys active sites promoting the reduction of oxygen to
peroxide radicals. Because this observation was only found in
an alkaline medium (similar experiments in acid showed no
selectivity changes43), this suggests that the active sites in acid
and alkaline are likely different and that electrocatalysts should
each be tailored depending on the application. Finally, the
treatment of other existing PGM-free systems with organic
solvents could introduce morphological changes that could
lead to more active, more selective, and more durable catalysts
for ORR.
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