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A B S T R A C T

We report the first investigation into a quaternary-doped graphene catalyst material for the oxygen reduction
reaction (ORR) under alkaline conditions. The material was synthesized via direct pyrolysis of graphene oxide
(GO) with boron, nitrogen, phosphorus and sulfur precursors. The resulting BNPS-Gr catalyst was thoroughly
characterized and its composition found via XPS to be 6.4% (B), 6.1% (N), 2.6% (P) and 0.5% (S), while HR-TEM
imaging shows a few-layered graphene structure. Electrochemical investigations into the catalytic activity to-
wards the ORR show improved performance of the quaternary-doped graphene with the effective number of
electrons transferred being ca. 3.7, compared to single-doped graphenes (2.9–3.2) and significantly lower per-
oxide production. This demonstrates BNPS-Gr to be a promising alternative to current Pt-group catalysts for the
ORR, especially in methanol-fuelled fuel cells, where the presence of methanol in the cathode side from the fuel
crossover is shown not to affect the performance of the quaternary-doped graphene catalyst.

1. Introduction

Graphene is increasingly finding application within catalysis due to
its intrinsic properties [1–3], and in particular its catalytic activity to-
wards the oxygen reduction reaction (ORR) has generated significant
interest [4,5]. The ORR is a persistent challenge for researchers of en-
ergy applications (e.g. fuel cells, metal-air batteries) due to its slow
kinetics [6,7]. Pristine graphene has demonstrated a limited ORR per-
formance due to its zero band gap, which weakens the catalytic activity
[8,9]. A promising strategy to make graphene more catalytically active
towards the ORR is doping the graphene structure with p-block het-
eroatoms, such as nitrogen [10–16], boron [17–21], phosphorus
[22–24] or sulfur [25–28], since the inclusion of dopant atoms in the
2D graphene structure can modify the electroneutrality of the sp2

carbon lattice and create sites for O2 adsorption [29]. It has been sug-
gested that the formation of carbon active sites induced by the het-
eroatoms alters the binding energy of the molecule of O2, favouring the
dissociation of the O]O bond [30]. Several methods have been pro-
posed for the doping of graphene with heteroatoms, including chemical
vapour deposition (CVD), ball milling, bottom-up synthesis, thermal
annealing, wet chemical method, plasma treatment with heteroatom
atmosphere or arc-discharge [31]. Among these methods, CVD is one of
the most widespread, nevertheless it is a relatively complex process
whose application entails the use of hazardous precursors and gases,
contamination by transition metal reagents, high cost of the process and

a low yield [32]. Most of these problems can be overcome using a
thermal annealing treatment of a mixture of precursors under an inert
atmosphere for the synthesis of the catalyst [33].

According to the literature, the different heteroatoms play specific
roles inside the carbon structure. For example, the electron-deficient B
atoms act as active sites for O2 adsorption and favour the OeO bond
cleavage [34]. The N atoms produce active catalytic sites, via inducing
an asymmetrical spin and charge density changes (such as C+ creation),
thus improving the ORR performance [35]. The electron-donating
properties of P induce defects in the graphene layer through the crea-
tion of P+ charge sites and increase the electron delocalization [36].
The catalytic active sites in S-doped graphene are the C atoms located at
the zigzag edges or close to the SO2 adsorbed species that enhance the
spin density of carbon [25]. In spite of promising results reported for
the single-doped graphene catalysts, their catalytic activity is still far
away from that reported for traditional Pt-group catalysts [23,28,37].
Consequently, several authors have synthesized dual [38–43] and
ternary-doped [44–49] graphene catalysts, demonstrating that the dif-
ferent heteroatoms incorporated into the graphene structure act sy-
nergistically, improving the catalytic activity with respect to the single-
doped graphenes. In addition, a higher variability in the electro-
negativity of the doping heteroatoms could induce an asymmetrical
spin and charge density redistribution, thus improving the ORR per-
formance [35].

To the best of our knowledge, there are no papers reporting if this
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