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The cathodic oxygen reduction reaction (ORR) is an active
area of research because of its crucial role in electrochemical
energy conversion in fuel cells.[1–4] One of the most attractive
challenges in this area is the development of efficient ORR
electrocatalysts for application in fuel cells. In the past,
considerable effort has been devoted to the study of platinum
and platinum-based metal alloy electrocatalysts.[5–12]

Although much progress has been made, this noble metal
catalyst and its alloy can hardly meet the demands which
allow for widespread commercialization of fuel cells because
of their sluggish electron-transfer kinetics,[13] high costs,
limited supply,[14] and poor durability[15] . Platinum-free,[16–18]

non-noble metal,[15, 19–21] and metal-free[3, 4, 22,23] catalysts have
been developed and evaluated to improve the performance
and to reduce the costs of ORR electrocatalysts. Conse-
quently, metal-free catalysts have attracted much interest
because of their increased electrocatalytic activity inr the
ORR and their better stability, and provide an opportunity to
develop a new generation of catalysts. However, most of these
metal-free catalysts doped with nitrogen were prepared by
using metal catalysts (especially, Fe). Therefore, it is difficult
to distinguish whether the catalytic activity of a carbon
catalyst is caused by its unique electronic properties or by
some metal residue.[24]

Phosphorus, an element of the nitrogen group, has the
same number of valence electrons as nitrogen and often
shows similar chemical properties. Although the electro-
catalytic activity of N-doped carbon materials for the ORR
has been widely investigated,[25, 26] to our knowledge, there has
been no report on the performance of P-doped carbon
materials for the ORR. Herein, we have prepared a P-doped
graphite layer catalyst without any metal residue and we
examined its electrochemical properties. The results prove
that this catalyst shows high electrocatalytic activity, long-

term stability, and excellent tolerance to cross-over effects of
methanol in the oxygen reduction reaction in an alkaline
medium. Such a metal-free catalyst can not only be used as a
facile and effective alternative to platinum and platinum-
based catalysts for the ORR, but it allows determination of
whether the electrocatalytic activity of a heteroatom-doped
carbon catalyst for the ORR is caused by its unique electronic
properties or by some metal residue.[27, 28]

The P-doped graphite layers were prepared by pyrolysis of
toluene and triphenylphosphine (TPP). In a typical experi-
ment, a quartz tube was placed in a tubular furnace. Then, the
temperature at the hot zone of the quartz tube, which was
loaded in the tubular furnace, was raised to 1000 8C at an Ar
flow rate of 600 mL min�1. After the air in the quartz tube had
been replaced by Ar, 10 mL of a toluene solution with
2.5 wt % TPP was injected close to the hot zone of the quartz
tube at a flow rate of 2 mLh�1, where it was vaporized and
carried to the hot zone of the quartz tube by the Ar flow. To
guarantee complete pyrolysis of the solution, the tubular
furnace was mainteined at 1000 8C for 30 minutes after the
10 mL of the toluene solution had been conveyed completely
into the quartz tube. The furnace was then cooled down to
room temperature at an Ar flow rate of 100 mLmin�1.
Afterwards, the resulting sample was collected from the
inner wall of the quartz tube at the hot zone. For comparison,
the carbon materials without any P dopant were synthesized
by the same method using toluene.

Digital photographs and scanning electron microscopy
(SEM) images have indicated that the resulting products
consist of flakelike graphite layers (Figure 1A–C and Fig-
ure S1A–C in the Supporting Information), with some convex

Figure 1. Digital photograph of the P-doped graphite layers collected
from the quartz tube (A) and SEM images of the P-doped graphite
layers (B–D). Scale bars: 1 cm (A); 20 mm (B); 1 mm (C); 200 nm (D).
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caplike structures apparent on the surface of each graphite
layer of the two samples (Figures 1B,C and Figure S1 B,C in
the Supporting Information). Many smaller raised caplike
structures were also evident on the surface of every bigger
convex cap (Figure 1D and Figure S1 D in the Supporting
Information). Raman spectroscopic analysis (Figure S2 A,B
in the Supporting Information) confirmed that both samples
are graphite compounds.[29] The P-doped graphite layers
possess more defects in the graphitic structure (Figure S2 in
the Supporting Information) than the non-phosphorus graph-
ite layers. Successful addition of P to the graphite layers was
confirmed by energy-dispersive spectrometry of the P-doped
graphite layers (Figure S3 and Table S1 in the Supporting
Information). X-ray photoelectron spectroscopic measure-
ments of the P-containing sample (Figure S4 in the Support-
ing Information) further confirmed the incorporation of
phosphorus atoms into the graphene sheets. The Brunauer–
Emmett–Teller (BET) surface areas of the P-doped carbon
materials and the non-phosphorus materials were almost
equal, with values of 3986 and 3895 cm2 g�1, respectively.

To investigate the electrocatalytic activity of the P-doped
graphite for the ORR we compared the electrocatalytic
properties of the P-doped carbon materials with those of the
bare glassy carbon (BGC) electrode, the non-phosphorus
graphite layers, and a commercial platinum–carbon catalyst
(Pt–C, Pt: 47.6%) by cyclic voltammetry in an aqueous
solution of nitrogen-protected, air- or O2-saturated, 0.1m
KOH solution at a scanning rate of 100 mVs�1. The electro-
catalytic performance of the BGC electrode was tested before
the same amounts of P-doped graphite, non-phosphorus
graphite, and Pt–C catalyst (159.1 mgcm2) were loaded onto
the BGC electrode. As shown in Figure 2A, two signals
corresponding to oxygen reduction currents were observed at
about �0.44 V in an air- and O2-saturated, 0.1m KOH
solution; such reduction currents have been reported to be
the two-electron reduction process of O2 to peroxide which is
electrochemically mediated by the oxygen-containing groups
at the BGC electrode surface with superoxide as an inter-
mediate.[30] Likewise, the two signals of the oxygen reduction
were also observed at about �0.40 V in the cyclic voltammo-
grams (CVs) of the non-phosphorus graphite/GC electrode;
the corresponding current densities were slightly larger than
those with the BGC electrode (Figure 2 B). However, the
oxygen reduction currents of the P-doped graphite/GC
electrode in air- and O2-saturated, 0.1m KOH solutions
appear as well-defined cathodic signals at about �0.30 V
relative to the BGC electrode and the non-phosphorus
graphite/GC electrode (Figure 2C); a signal at �0.26 V is
observed under the same conditions when an N-doped
graphite electrode is used.[4] This finding strongly indicates
that the phosphorus atoms have been incorporated into the
hexagonal network of the sheetlike graphene structure and
had the same impact as the nitrogen atoms on the electronic
structure of graphite. The oxygen reduction current densities
of the P-doped graphite/GC electrode were about four times
higher than those of the BGC electrode and the non-
phosphorus graphite/GC electrode in an oxygen-saturated
0.1m KOH solution with an oxygen flow rate of 20 mL min�1

(Figure 2A,B, Table S2 in the Supporting Information); these

oxygen reduction current densities are similar to those of the
N-doped graphite/GC electrode and the vertically aligned
nitrogen-containing carbon nanotube/GC electrode under the
basic conditions.[3, 4] Furthermore, the increase in the O2 flow
rate led to a clear enhancement in the diffusion current of the

Figure 2. Typical cyclic voltammograms for the ORR at the BGC
electrode (A), the non-phosphorus graphite/GC electrode (B), the P-
doped graphite/GC electrode (C), and the Pt–C/GC electrode (D) in a
nitrogen-protected, air-saturated, 0.10m KOH solution, an oxygen-
saturated, 0.10m KOH solution, or an oxygen-saturated 0.1m solution
of KOH upon addition of CH3OH (1 m) at an oxygen flow rate of
20 mLmin�1. Scan rate: 100 mVs�1. The wavelike bands over �1.0 to
�0.5 V shown for the pristine Pt–C/GC electrode may be attributed to
hydrogen adsorption/desorption.
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oxygen reduction (Table S2 in the Supporting Information),
which suggests pronounced electrocatalytic activity of the P-
doped graphite for oxygen reduction. The maximum oxygen
reduction current density of the Pt–C/GC electrode at about
�0.14 V was much smaller than that of the P-doped graphite/
GC electrode at about �0.30 V in the same oxygen-saturated
alkaline solution with an oxygen flow rate of 20 mL min�1

(Figure 2C,D,). This high electrocatalytic activity of the P-
doped graphite layers in the ORR can be ascribed to 1) the
good electron-donor properties of phosphorus, which were
calculated by the semiempirical quantum chemical method
AM1,[31] and 2) to the strong electron affinity of phosphorus
for positive charges (Figure S6 A,B in the Supporting Infor-
mation) in the graphene sheets of the P-doped graphite; these
properties facilitate the adsorption of O2 and significantly
enhance the rate of the overall oxygen reduction process.

To examine possible cross-over effects we measured the
electrocatalytic selectivity of the BGC electrode, the non-
phosphorus graphite/GC electrode, the P-doped graphite/GC
electrode, and the Pt–C/GC electrode against the electro-
oxidation of methanol—a typical fuel molecule with a cross-
over property—by cyclic voltammetry in an O2-saturated,
0.1m KOH solution with 1m methanol. The cathodic signals
for the ORR at about �0.14 V vanished in the CV curves of
the Pt–C/GC electrode when the O2-saturated 0.1m KOH
solution was replaced by methanol (Figure 2D). The signal
intensity corresponding to methanol oxidation at the Pt–C/
GC electrode even reached 16.72 mAcm2 at �0.03 V in an
O2-saturated, 0.1m KOH solution. However, no noticeable
change was observed for the BGC electrode, the non-
phosphorus graphite/GC electrode, and the P-doped graph-
ite/GC electrode under the same conditions (Figure 2A–C).
These results indicate that the P-doped and the non-phos-
phorus carbon graphite catalyst possess a much higher
selectivity for the ORR and a remarkably improved ability
to avoid cross-over effects than the Pt–C catalyst, which
means that no mixed potential will arise when the P-doped
graphite catalyst is used in the direct methanol alkaline fuel
cell.

To gain further insight into the role of the P-doped
graphite catalyst during the ORR electrochemical process we
continued to compare its electrocatalytic performance with
that of the BGC electrode, the non-phosphorus graphite
layers, and the commercial Pt–C catalyst by linear sweep
voltammetry in an aqueous solution of O2-saturated, 0.1m
KOH with an oxygen flow rate of 20 mL min�1 at a rotation
rate of 1600 rpm and a scan rate of 10 mVs�1. The same
amount of each catalyst (101.9 mg cm2) was loaded onto a GC
rotating-disk electrode (RDE). The onset potential of the P-
doped graphite/GC electrode for the ORR at approximately
+ 0.10 V was much higher than that of the BGC electrode at
about �0.11 V as well as that of the non-phosphorus graphite/
GC electrode at about �0.10 V (Figure 3A); the oxygen
reduction current densities of the P-doped graphite/GC
electrode were much larger than those of the BGC elctrode
and the non-phosphorus graphite/GC electrode. This finding
confirms that doping of phosphorus into the hexagonal
network of graphene sheets changes the electronic structure
of graphite to some extent. The onset potential of the P-doped

graphite/GC electrode for the ORR was higher than that for
the Pt–C/GC electrode at about + 0.01 V, whereas the oxygen
reduction current densities of the P-doped graphite/GC were
lower than those of the Pt–C/GC (Figure 3A). However, the
oxygen reduction currents of the Pt–C/GC electrode dropped
rapidly and they were lower than those of the P-doped
graphite/GC electrode when methanol was added into the
alkaline electrolyte solution (Figure 3A line 4’). In contrast,
there was no apparent change in the oxygen reduction

Figure 3. A) RDE voltammograms of the BGC electrode (1), the non-
phosphorus graphite/GC electrode (2), the P-doped graphite/GC
electrode (3), and the Pt-C/GC electrode (4) in an oxygen-saturated,
0.10m KOH solution as well as the BGC electrode (1’), the non-
phosphorus graphite/GC electrode (2’), the P-doped graphite/GC
electrode (3’), and the Pt–C/GC electrode (4’) in an oxygen-saturated,
0.10m KOH solution after addition of 1.0m methanol at an oxygen
flow rate of 20 mLmin�1 and at a rotation rate of 1600 rpm. Scan rate:
10 mVs�1. B) RDE voltammograms of the P-doped graphite/GC elec-
trode in an O2-saturated, 0.1m KOH solution at an oxygen flow rate of
20 mLmin�1, at a scan rate of 10 mVs�1, and at different rotation
rates. C) Koutecky–Levich plot of J�1 versus w�1/2 at different electrode
potentials: (&) �0.40, (~) �0.45, (&)-0.51, (~)�0.65, (*) �0.83, (^)
�0.90, and (^) �0.95 V. The inset shows the dependence of n on the
potential. The experimental data were obtained from (B).
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currents at the BGC electrode, the non-phosphorus graphite/
GC electrode, and the P-doped graphite/GC electrode after
addition of methanol to the 0.1m KOH solution (Figure 3A).
In an actual application, the oxygen reduction current
densities of the Pt–C/GC electrode were much inferior,
without rotation of the cathodic electrode, to those of the P-
doped graphite/GC electrode (Figure 2C,D). Furthermore,
the oxygen reduction currents of the Pt–C/GC electrode were
much lower than those of the heteroatom-doped carbon
catalysts, when a smaller amount of the Pt–C catalyst was
loaded onto the GC electrode.[3, 4] Thus, the Pt–C catalyst may
be replaced by the P-doped graphite catalyst when it is used in
direct methanol alkaline fuel cell applications.

The oxygen reduction current density recorded at the P-
doped graphite/GC electrode increased as the rotation speed
increased (from 500 to 4600 rpm; Figure 3B). The Koutecky–
Levich plots (I�1 vs. w�1/2) at different electrode potentials
displayed good linearity (Figure 3C), and the slopes remained
approximately constant over the potential range from �0.38
to �0.95 V, which suggest that the electron transfer numbers
are similar for oxygen reduction at different electrode
potentials. The transferred electron number (n) per oxygen
molecule involved was calculated on the basis of the
Koutecky–Levich equation [Eq. (1)],[32]

I�1 ¼ Ik
�1 þ ð0:62nFCD2=3n�1=6w1=2Þ�1 ð1Þ

where I is the measured current density, Ik is the kinetic
current density of the ORR, n is the overall number of
electrons transferred during the oxygen reduction, F is the
Faraday constant (F = 96485 Cmol�1), C is the bulk concen-
tration of O2, D is the diffusion coefficient of O2 in the KOH
electrolyte, v is the kinetic viscosity of the electrolyte, and w is
the angular velocity of the disk (w = 2pN, N is the linear
rotation speed). We used the values C = 1.2 � 10�3 mol l�1, D =

1.9 � 10�5 cm2 s�1, n = 0.01 cm2 s�1 in 0.1m KOH solution.[14]

The dependence of n on the potential in the case of the P-
doped graphite/GC electrode is shown as an inset in Fig-
ure 3C. The n value is higher than two (n� 3) in the potential
range of �0.4 to �0.7 V (plateau) and increases to four at
more negative potentials; this observation reveals that the
peroxide is formed first and that it is then partially reduced
further to water during the process of oxygen reduction. This
oxygen reduction behavior of the P-doped graphite layers was
supported by the presence of peroxide species in the
reduction reaction (Figure S5 in the Supporting Information)
and is similar to that of vertically aligned undoped carbon
nanotubes in 0.1m KOH solution.[26]

Another major concern about catalysts is their durability
in fuel cell applications. To evaluate the stability of the BGC
electrode, the non-phosphorus graphite, the P-doped graph-
ite, and the commercial Pt–C catalyst we conducted tests on
their stability by continuous potential cycling in an aqueous
solution of O2-saturated, 0.1m KOH with an oxygen flow rate
of 20 mLmin�1 over 12000 cycles. The maximum oxygen
reduction current density of the P-doped graphite/GC
electrode was almost invariable (Figure 4), as is the case for
the BGC electrode and the non-phosphorus graphite/GC
electrode. The maximum current value in every CV of the P-

doped graphite/GC electrode was always about four times
higher than that of the BGC electrode and the non-
phosphorus graphite/GC electrode; this value is much larger
than that of the Pt–C/GC electrode during a continuous
potentiodynamic sweep for 12000 cycles, and it shows the
outstanding durability and high electrocatalytic activity of the
P-containing graphite layer catalyst in the ORR and is
comparable to that of a nitrogen-containing carbon catalyst in
an alkaline electrolyte.[3] In contrast, the Pt–C/GC electrode
exhibited a gradual decrease, with a current loss of approx-
imately 31.4 %, measured after 12000 cycles, which suggests
that the stability of this noble catalyst is much inferior to that
of the P-doped graphite catalyst. While the stability of noble
and non-noble metal catalysts is rather unsatisfactory,[21,33]

deactivation, which occurs in metal-based catalysts through
loss of active metal particles from the surface of the catalyst
support, is not observed in the case of heteroatom-doped
carbon catalysts. This is the case because the strength of the
covalent P�C and N�C bond is well above the adsorption
forces exerted between the noble or non-noble metal catalysts
and their supports.

In summary, we have demonstrated the synthesis of P-
doped graphite layers by a thermolysis approach, in which
toluene was used as an carbon precursor and triphenylphos-
phine as the phosphorus source. After successful incorpora-
tion of phosphorus into the network of graphene sheets, the
resulting P-doped graphite—a typical metal-free catalyst—
shows high electrocatalytic activity, long-term stability, and
excellent tolerance to cross-over effects of methanol in the
ORR in an alkaline medium. This type of heterodoped
graphite will provide an opportunity to design and develop
various metal-free, efficient ORR catalysts, which are essen-
tial for practical applications in fuel cells. Optimization and
fabrication studies on P-doped graphite materials are under-
way.
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Figure 4. The maximum oxygen reduction current densities of the P-
doped graphite/GC electrode (&), the Pt–C/GC electrode (*), the non-
phosphorus graphite/GC electrode (~), and the BGC electrode (^)
recorded during repeated cycling.
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