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Phosphorus-doped porous carbons as efficient
electrocatalysts for oxygen reduction
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and Ruizhi Yang*a

Efficient electrocatalysts for the oxygen reduction reaction (ORR) play a critical role in the performance of

fuel cells and metal–air batteries. In this study, we report a facile synthesis of phosphorus (P)-doped porous

carbon as a highly active electrocatalyst for the ORR. Phosphorus-doped porous carbon was prepared by

simultaneous doping and activation of carbon with phosphoric acid (H3PO4) in the presence of Co. Both

phosphorus and cobalt were found to play significant roles in improving the catalytic activity of carbon

for the ORR. The as-prepared phosphorus-doped porous carbon exhibited considerable catalytic activity

for the ORR as evidenced by rotating ring-disk electrode studies. At the same mass loading, the Tafel

slope of phosphorus-doped porous carbon electrocatalysts is comparable to that of the commercial Pt/C

catalysts (20 wt% Pt on Vulcan XC-72, JohnsonMatthey) with stability superior to Pt/C in alkaline solutions.
1 Introduction

Fuel cells and metal–air batteries are promising technologies
for portable, residential and especially transportation applica-
tions due to their high energy densities, low operating
temperature and environmental compatibility.1–4 It is well
known that the slow kinetics of the oxygen reduction reaction
(ORR) at the cathode limits the efficiency of fuel cells and
metal–air batteries.5–9 The exploration of efficient electro-
catalysts for the ORR is highly desirable for these energy storage
and conversion devices. Platinum-based electrocatalysts are
widely used for the ORR. However, Pt is expensive and scarce,
which hinders the widespread commercialization of fuel cells
and metal–air batteries.

Research efforts have been focused on replacing Pt with less
expensive materials. Carbon-based catalysts doped/functional-
ized with heteroatoms have been explored as alternative elec-
trocatalysts for the ORR due to their relatively high abundance
and low cost.10–13 By doping with heteroatoms, the physical and
chemical properties of carbon can be modied and new sites
can even be created, which make the catalytic activities of
carbon tailorable. Nitrogen (N)-doped carbons, such as N-doped
porous carbon,10,13 N-doped carbon nanotubes11 and N-doped
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graphene,12 are the most studied carbon-based catalysts for the
ORR. Nitrogen, an electron donor, can provide n-doping and
therefore increases the conductivity of carbon.14 Furthermore,
doping of carbon with N induces electronic structure changes
(like charge redistribution and charged sites (C+) creation)11,15 as
well as structural changes (like high plane edge exposure),16,17

which are reported to contribute to the enhancement of kinetics
of the ORR.11,15–18 To further increase the catalytic activity of
carbon, other dopants were explored. The doping of carbon with
boron (an electron acceptor) was also reported to show high
catalytic activity for the ORR due to the fact that the charged
sites (B+) created by the B-doping are favorable for O2 adsorp-
tion and facilitate the ORR.12,19–21 Phosphorus (P) is another
doping heteroatom being of thriving interest since P is also an
electron donor and can be incorporated into carbon. Density
functional theory (DFT) studies on P-doped single walled
carbon nanotubes (SWCNTs) have shown that P-doping
modies the electron transport properties and presents affinity
towards acceptor molecules (as O2), which make P-doped
carbons more efficient electrocatalysts.22,23 Recently, Liu et al.
reported that P-doped graphite layers and multiwalled carbon
nanotubes exhibited promising ORR activity in basic media.24,25

Studies on P and N co-doped nanocarbons26–28 have shown that
additional P-doping improves the catalytic activity of N-doped
carbon for the ORR. Although N-doped carbons as electro-
catalysts for the ORR have been widely investigated, synthetic
methods towards P-doped carbons and the electrocatalytic
activities of P-doped carbons for the ORR are still seldom
reported.

In this work, we report the synthesis of P-doped porous
carbon in the presence of Co. Sugar and phosphoric acid were
used as sources of carbon and P, respectively. Co(NO3)2 was
J. Mater. Chem. A, 2013, 1, 9889–9896 | 9889
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used as the Co source. The electrocatalytic activities of the as-
synthesized P-doped porous carbon for the ORR in alkaline
media were investigated. The as-synthesized P-doped porous
carbon exhibited a high ORR electrocatalytic activity and long-
term stability, outperforming pure carbon, carbon functional-
ized with Co, and P-doped carbon synthesized in the absence of
Co, and is comparable to the commercially available Pt/C
catalyst (20 wt% Pt on Vulcan XC-72R, Johnson Matthey). Both
the effects of P and Co on the electrocatalytic activity of carbon
are discussed. Co was found to be an important factor in
improving the catalytic activity of P-doped porous carbon for
the ORR.
2 Experimental
2.1 Sample preparation

Carbon was prepared by a hydrothermal method with sugar as
the precursor as reported in our previous study.29 Briey, the
sugar was dehydrated at 190 �C in a stainless steel autoclave and
then pyrolyzed at 1000 �C in a tube furnace in a nitrogen
atmosphere. Co(NO3)2 was added to the carbon samples by the
imbibingmethod.30 For 500mg samples of carbon, 650 mL of 2.0
M Co(NO3)2$6H2O ($99.0%, Guoyao Chemical Reagent Co.
Ltd.) was added to carbon. Then the samples were dried at
100 �C overnight. The samples obtained were abbreviated to
Co–C. Phosphoric acid was added to Co–C with a weight ratio of
phosphoric acid : Co–C ¼ 5 : 1. The mixture was kept at 85 �C
for 3 h. The solvent in themixture was removed in an evaporator
operated at 85 �C and 300 mbar. The paste mixture obtained
was then dried overnight in an oven at 85 �C. Aer grinding, the
powder was loaded into a graphite boat and then pyrolyzed
under a N2 atmosphere with a rate of 3 �C min�1 and kept at
800 �C for 1 hour. The pyrolyzed samples were stirred in 500 mL
of 1.0 M HCl solution for 12 h to dissolve the residual Co in the
carbon. Finally, the samples were washed with ultrapure water
until neutral pH was reached and then dried in an oven at 90 �C.
The samples obtained were abbreviated to P(Co)–C. The
samples were also prepared with the same procedure in the
absence of Co for comparison, which were abbreviated to P–C.
2.2 Physical characterization

The crystal structure of the sample was examined with X-ray
diffraction (XRD) using a Bede D1 X-ray diffractometer (UK,
Bede Scientic Ltd.; Cu Ka radiation; operated at 40 kV, 45 mA;
l ¼ 0.15418 nm), the diffraction angle ranging from 10� to 80�

with a step of 0.02� and a rate of 1.2� min�1.
Raman spectroscopy of the sample was performed on a Jobin

Yvon LabRAMHR 800 instrument with a 514 nm excitation laser
at a power of around 1 mW.

Surface analysis of the samples was performed with a SSI
(Surface Science Instruments) X-ray photoelectron spectroscopy
(XPS) spectrometer equipped with a hemispherical analyzer and
using a monochromatized Al Ka (1486 eV) source with a 250 �
1000 mm illumination spot. The measurement parameters were
as follows: 20 eV pass energy, 0.1 eV energy increments. The
spectra were corrected for the background using the Shirley
9890 | J. Mater. Chem. A, 2013, 1, 9889–9896
approach31 and the composition of the lms was determined by
measuring the ratio of C 1s to P 2p intensities (integrated peak
area) normalized by their respective sensitivity factors.32

The specic surface area and the pore structure of the
samples were analyzed by adsorption/desorption measure-
ments of nitrogen at 77 K (Quantachrome, QuadraSorb SI). Prior
to measurements, the samples were degassed at 250 �C over-
night under vacuum. Surface area was calculated by the Bru-
nauer–Emmett–Teller (BET) method, micropore volume from
N2 sorption was calculated using the t-plot method. Pore size
distributions were calculated using the Horvath–Kawazoe (HK)
method.

The morphology of the sample was examined with scanning
electron microscopy (SEM, FEI Quanta 200) equipped with EDS.

The amounts of P and residual metals in the carbons were
measured with inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis (Vista MPX).
2.3 Electrochemical measurements

Inks of the catalyst samples were prepared by mixing 10 mg of
powder, 5 mL of Naon solution (5% wt from Aldrich), and
350 mL of ethanol, followed by ultrasonicating for 40 minutes.
7 mL of ink was pipetted onto a glassy carbon (GC) disk resulting
in a powder loading of 1006 mg cm�2.

The electrocatalytic activity for the ORR of the samples on
the GC disks was studied with the rotating ring-disk electrode
(RRDE) technique using a Pine electrochemical system
(AFMSRX rotator, and AFCBP1 bipotentiostat). The RRDE elec-
trode consisted of a catalyst-coated GC disk (5 mm diameter,
0.196 cm2 of geometric surface area) surrounded by a Pt ring
(0.125 cm2 of geometric surface area). The electrochemical
measurements were conducted in a standard three-electrode
electrochemical cell at room temperature. A Pt-foil was used as
the counter electrode, and a Ag/AgCl (3 M Cl�, Cypress) refer-
ence electrode was used in a double-junction reference
chamber. The electrolyte was 0.1 M KOH solution prepared
from ultrapure water (Millipore, 18.2 MU cm). The working
electrodes were the catalyst lm-coated GC disks mounted on a
disk-interchangeable rotating disk electrode (RDE, Pine
Instruments).

The electrolyte was deaerated by purging high-purity Ar gas
into the electrolyte for at least 30 min before each electro-
chemical measurement. The samples on the GC disks were rst
electrochemically cleaned by sweeping the potential in the
range between �0.9 and 0 V (vs. Ag/AgCl) at 50 mV s�1 in an Ar-
saturated 0.1 M KOH solution until steady state cyclic voltam-
mograms (CV) were obtained. For each catalyst tested, a CV was
rst collected in Ar-saturated 0.1 M KOH solution from �0.9 to
0 V at 10 mV s�1 to determine the non-Faradaic current.

For the ORR test, the electrolyte was purged with high-purity
O2 gas for at least 30 min to ensure O2 saturation. Linear sweep
voltammetry (LSV) measurements during oxygen reduction
were performed in O2-saturated 0.1 M KOH by sweeping the
potential from �0.9 V anodically to 0 V at 10 mV s�1 with the
electrode rotated at 400, 900, 1600 and 2500 rpm, and O2 gas
purged into the solution at a ow rate of 25 sccm through a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 XRD patterns of C, Co–C, P–C and P(Co)–C. Bragg peaks positions for the
phase Co in Co–C have been indicated.

Fig. 2 The D-band and G-band in Raman spectroscopy for C, Co–C, P–C and
P(Co)–C. The ratio of D-band to G-band (ID/IG) is indicated for each sample.
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2 mm fritted tube (Ace Glass). The faradaic current density, i.e.,
the current due to the oxygen reduction alone, was obtained by
subtracting the capacitive current (the current measured from
the CV under Ar) from the ORR data and then normalized by the
geometric surface area,

j ¼ �(jORR � jcapacitive,Ar-CV)/SAgeo (1)

The kinetic current density for the ORR was derived from the
Koutecky–Levich equation:

1/j ¼ 1/jk +1 /jd ¼ 1/jk + 1/(Bu1/2) (2)

where, j is the measured disk current density; jk and jd are the
kinetic and diffusion limiting current densities, respectively; B
is the so-called “B-factor”, which is given by the following
equation:

B ¼ 0.62nFDO2

2/3y�1/6CO2
, (3)

where, n is the apparent number of electrons transferred in the
reaction, F is the Faraday constant (96 485 C mol�1), DO2

is
the diffusion coefficient of O2 (DO2

¼ 1.86 � 10�5 cm2 s�1), y is
the kinetic viscosity of the solution (y ¼ 0.01 cm2 s�1), CO2

is the
concentration of O2 dissolved in the electrolyte (CO2

¼ 1.21 �
10�6 mol cm�3),33,34 and u is the electrode rotation speed. The
ohmic resistances in the electrode contacts and electrolyte
solution were assumed to be the same for the samples and were
not included in the corrections.

For all the RRDE measurements, the ring potential was held
at 0.5 V vs. Ag/AgCl in order to oxidize any H2O2 produced in
alkaline solution.35 The %HO2

� produced in alkaline solution
was calculated using the following equation.36–38

%HO2
� ¼ 100

2IR
�
N

ID þ ðIR
�
NÞ (4)

where, ID is the Faradaic current at the disk, IR is the Faradaic
current at the ring, and N ¼ 0.22 is the disk electrode collection
efficiency.

3 Results and discussion
3.1 Structure of P(Co)–C

Fig. 1 shows the X-ray diffraction (XRD) prole of the P(Co)–C,
the XRD proles of pure carbon (C), Co–C and P–C are also
included for comparison. All the samples show two obvious
diffraction peaks at 2q¼ 24� and 43.7� that can be corresponded
to (002) and (100) reections of the carbon phase, respectively.
For the Co–C sample, the (002) diffraction peak becomes sharp
and the intensity of the (100) diffraction peak is also enhanced
to some extent, indicating the positive effect of Co on the
graphitization of carbon. The Co phase can be observed clearly
in the Co–C sample. No other phases other than carbon are
observed in the P(Co)–C sample.

To further conrm the structure of the as-synthesized P(Co)–
C, a Raman spectrometer was used to study the structure. The
comparison between the Raman spectroscopy of C, Co–C, P–C
and P(Co)–C is shown in Fig. 2. There are two peaks centered at
This journal is ª The Royal Society of Chemistry 2013
approximately 1580 cm�1 and 1352 cm�1, which are the G-band
and D-band, respectively. The ratio of intensities for the D-band
and G-band (ID/IG) is generally used as a measure for the degree
of defect of the carbon.39 As shown in Fig. 2, the ID/IG of the
prepared pure carbon is 0.90 and it decreases to 0.86 for Co–C,
indicating the effect of Co on the graphitization of carbon. In
contrast, the ID/IG increases to 1.13 for P–C and 0.98 for P(Co)–
C, which suggests that the heteroatom P doping in the carbon
develops defect sites. This agrees well with the results from the
XRD. It is important to note that the ID/IG value of P(Co)–C (0.98)
is lower than that of P–C (1.13), which suggests that less defects
are introduced in P(Co)–C due to graphitization of carbon
induced by Co during the preparation of P(Co)–C. The forma-
tion of graphitic structures takes place during the heat treat-
ment step through amechanism that involves the dissolution of
amorphous carbon into Co catalyst particles followed by the
precipitation of graphitic carbon.40–45
J. Mater. Chem. A, 2013, 1, 9889–9896 | 9891
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Fig. 3 (a)XPS survey spectra of P(Co)–C; and (b) XPS spectra for the P 2p peak of P(Co)–C.
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The binding environment of P in the P(Co)–C sample is
elucidated by X-ray photoelectron spectroscopy (XPS). As
expected, the XPS survey spectrum given in Fig. 3a shows the C
1s, O 1s, and P 2p peaks for the P(Co)–C sample. The O 1s peak
most likely arises from the incorporation of physicochemically
adsorbed oxygen. The absence of any Co peak in the XPS survey
spectrum conrms that the residual cobalt has been completely
removed by acid wash. The detailed P 2p scan is depicted in
Fig. 3b. Two deconvoluted contributions appear at 134.25 eV
and 132.51 eV. The value of 134.25 eV has been observed for P in
high oxidation states,46 referring to surface oxidised P species.
The other one, a dominant phase, is controversially discussed
in many papers,24,28,46,47 but the most comprehensive explana-
tion is the contribution at 132.51 eV is attributed to P–C
binding.22,44,45 This reveals that the P atom has been incorpo-
rated into the carbon lattice.

P-doping can also affect the surface area and pore size of the
carbon. Fig. 4 shows the nitrogen adsorption isotherms and
pore size distributions of the C, Co–C, P–C and P(Co)–C. The
determined BET surface areas, micropore volumes and average
pore sizes of all investigated samples are summarized in
Table 1. The nitrogen adsorption isotherms of all prepared
Fig. 4 BET surface areas (a) and pore size distributions (b) for C, Co–C, P–C and P(

9892 | J. Mater. Chem. A, 2013, 1, 9889–9896
samples (Fig. 4a) correspond to type-I isotherms according to
the classication of the International Union of Pure and
Applied Chemistry (IUPAC), which is the characteristic feature
of a microporous material. The carbon exhibits 773.6 m2 g�1 of
BET specic surface area, aer being loaded with Co (i.e. Co–C),
the area decreases to 729.3 m2 g�1. But aer P-doping, the area
increases to 1320.5 and 1349.2 m2 g�1 for P–C and P(Co)–C,
respectively. The average pore width is 0.65 nm for carbon and
0.64 nm for Co–C, it slightly increases to 0.67 and 0.68 nm for
P–C and P(Co)–C, respectively. Themicropore volume is 0.46 m3

g�1 for carbon and 0.42 m3 g�1 for Co–C, and it increases to 0.63
and 0.61 m3 g�1 for P–C and P(Co)–C, respectively. The
increases in the specic surface area of P–C and P(Co)–C may
result from P-doping as well as phosphoric acid activation since
phosphoric acid is an activating agent for the carbon activa-
tion.48,49 The increases in the average pore size and the micro-
pore volume in P–C and P(Co)–C are most likely due to the
enlargement of micropores and the etching on the carbon
framework by the phosphoric acid treatment. Moreover, as
shown in the SEM images (Fig. 5), the surface of Co–C is smooth
(Fig. 5a). In contrast, the surfaces of P–C (Fig. 5b) and P(Co)–C
(Fig. 5c) are rough due to the treatment with phosphoric acid,
Co)–C.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 BET surface area, total micropore volume and average pore size of the
samples

Samples
BET surface
area/m2 g�1

Total micropore
volume/m3 g�1

Average pore
size/nm

C 773.6 0.46 0.65
Co–C 729.3 0.42 0.64
P–C 1320.5 0.63 0.67
P(Co)–C 1349.2 0.61 0.68

Fig. 5 SEM images of Co–C (a), P–C (b), and P(Co)–C (c).

Fig. 6 Cyclic voltammograms of C, Co–C, P–C and P(Co)–C. Experiments were
conducted in Ar-saturated 0.1 M KOH at 298 K with a sweep rate of 10 mV s�1.
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which are consistent with the BET surface areas of these
samples (729.3 m2 g�1 for Co–C, 1320.5 m2 g�1 for P–C and
1349.2 m2 g�1 for P(Co)–C). The results show that the doping of
carbon/activation of the carbon with phosphoric acid and
surface roughening would increase the surface area of the
carbon.

The surface P content in P(Co)–C is determined to be 1.60
atom%, which is lower than the bulk P content (1.73 atom%) as
measured from ICP. In contrast, the surface P content (1.84
atom%) is similar to the bulk P content (1.89 atom%) in P–C.
The lower P content at the surface of P(Co)–C might result from
some P bonding with Co during the preparation of P(Co)–C,
which were removed along with Co aer acid wash. This is also
supported by the fact that the P content (both surface and bulk)
in P(Co)–C is lower than that in P–C prepared with the same
method.
3.2 Catalytic activity of P(Co)–C for oxygen reduction

Cyclic voltammetry (CV) of a typical P(Co)–C on GC disks in 0.1
M KOH is shown in Fig. 6, which is compared with pure C, Co–C
and P–C. The CVs of P–C and P(Co)–C resemble that of pure C.
The redox peaks that appear in the potential regions of �0.1 to
0.1 V and �0.6 to �0.4 V of Co–C correspond to the oxidation
and reduction of Co.50 The CV area is related to the capacitance
of the sample.51 It can be seen that the CV area from the elec-
trochemical double layer does not change much for Co–C as
compared with pure C. In contrast, the CV areas for both P–C
This journal is ª The Royal Society of Chemistry 2013
and P(Co)–C samples increased as compared with pure C. The
increase in the CV areas (i.e. capacitance) for P–C and P(Co)–C
samples is consistent with the increase in the specic surface
areas of these two samples as shown in Fig. 4 and Table 1.

To better understand the electrocatalytic performance of the
P(Co)–C catalysts during the ORR process, the comparison
between the ORR activities on P(Co)–C, P–C, Co–C and pure C as
measured with the RRDE is shown in Fig. 7. The ORR activity on
commercial Pt/C is also included for comparison. The disk and
ring currents shown were measured at 1600 rpm and normal-
ized by the geometric surface area. The ORR activity increases as
follows: C < Co–C < P–C < P(Co)–C, as evidenced by the diffusion
limiting current densities and the onset potentials of these
samples (Fig. 7a). The diffusion limiting current density of
P(Co)–C reaches that of Pt/C and a negative shi of about 72 mV
exists in the half-wave potential of P(Co)–C as compared to Pt/C.
It should be noted that the diffusion limiting current density
and half-wave potential of the Pt/C are in good agreement with
the values of Pt/C (20 wt% Pt) reported elsewhere.52,53 This
clearly shows that P(Co)–C is more active than P–C, Co–C and
pure C and is comparable to the activity of Pt/C. To verify the
ORR catalytic pathways of the catalysts, the formation of
peroxide species (HO2

�) during the ORR process was monitored
with rotating ring-disk electrode (RRDE) measurements
(Fig. 7b). The measured HO2

� yields on the catalysts increase as
follows: P(Co)–C < P–C < Co–C < C, the corresponding electron
number transferred during the ORR reaction increases in the
reverse order. The measured HO2

� yields are below �13% for
P(Co)–C over the potential range of �0.80 to �0.30 V, giving an
electron transfer number of 3.72–3.79. This is comparable to
Pt/C, HO2

� yields for which are below �8% and the electron
transfer number for which is 3.90–3.96 (Fig. 7b). These results
indicate that P doping in the carbon prepared in the presence of
Co can signicantly improve the catalytic activity of carbon.
Importantly, P-doped carbon alone (i.e. P–C) exhibits lower ORR
activity than P-doped carbon prepared in the presence of Co (i.e.
P(Co)–C). This suggests that Co plays an important role in
improving the catalytic activity of P-doped carbon.
J. Mater. Chem. A, 2013, 1, 9889–9896 | 9893
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Fig. 8 Tafel plots of C, Co–C, P–C, P(Co)–C and commercial Pt/C derived by the
mass transport correction of corresponding LSV data recorded in O2-saturated
0.1 M KOH with a sweeping rate of 10 mV s�1 and a rotating speed of 1600 rpm.

Fig. 9 (a) LSVs of P(Co)–C in O2-saturated 0.1 M KOH with a scan rate of 10 mV
s�1 at different electrode rotating speeds. (b) Koutecky–Levich plots for the ORR in
O2-saturated 0.1 M KOH solution for P(Co)–C.

Fig. 7 (a) Linear sweeping voltammograms (LSVs) on the rotating ring-disk
electrode for C, Co–C, P–C, P(Co)–C and commercial Pt/C in O2-saturated 0.1 M
KOH at a rotating speed of 1600 rpm. The disk potential was scanned at 10 mV
s�1 and the ring potential was fixed at 0.5 V. (b) Calculated electron transfer
number (n) and determined peroxide percentage at various potentials based on
the corresponding RRDE data in (a).
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The diffusion-current-corrected Tafel plots of specic ORR
activity of these samples are shown in Fig. 8. To construct the
Tafel plots, the kinetic currents were derived from the mass-
transport correction using eqn (2). At low over-potentials,
P(Co)–C shows a small Tafel slope of 63 mV dec�1, which is
close to that of Pt/C (69 mV dec�1) and approaches the theo-
retical value of 2.303RT/F (i.e., 59 mV dec�1 at 25 �C), where R is
the universal gas constant, F is the Faraday constant, and T is
the absolute temperature. The Tafel slope of P(Co)–C is also
smaller than that of P–C (75mV dec�1), Co–C (72 mV dec�1) and
pure C (77 mV dec�1). The low Tafel slope indicates the high
intrinsic catalytic activity of P(Co)–C.

The polarization curves for the ORR on P(Co)–C at different
rotation rates are shown in Fig. 9a. They all reached well-dened
diffusion limiting currents. Fig. 9b shows the corresponding
Koutecky–Levich plots obtained from the inverse current
density (j�1) as a function of the inverse of the square root of the
9894 | J. Mater. Chem. A, 2013, 1, 9889–9896 This journal is ª The Royal Society of Chemistry 2013
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rotation rate (u�1/2) for P(Co)–C at �0.30, �0.40 and �0.50 V,
respectively. These plots are linear and parallel, indicating the
rst-order dependence of the kinetics of the ORR on the P(Co)–
C surface. Each straight line intercept corresponds to the
kinetic current ik. The “B-factor” for P(Co)–C is 0.143 mA cm�2

u�1/2, determined from the slope of Koutecky–Levich plots. The
electron number calculated from the B-factor is �3.78. This is
consistent with the result (n z 3.72–3.79) obtained from the
RRDE measurements, suggesting that the ORR reactions on the
surface of P(Co)–C proceed mainly with the n ¼ 4e� reaction
pathway.

The durability of P(Co)–C and the commercial Pt/C was
checked by running CVs for 2000 cycles as shown in Fig. 10. The
ORR current density of the P(Co)–C catalyst at �0.6 V decreases
by 12.0% aer 2000 repeated cycles, while a decrease of 19.6%
in current density is observed for the Pt/C catalyst. This reveals
that the P(Co)–C has good long-term performance, which might
result from the strong covalent bond between C and P as well as
the absence of metal (like Pt) agglomeration and migration, an
important factor accounting for the degradation of the Pt/C
catalyst.

The results show that the P-doped porous carbon (i.e. P(Co)–
C) prepared in the presence of Co exhibits high catalytic activity
for the ORR. Co introduced during the preparation of the
samples plays an important role in improving the activity of
P-doped carbon even though Co does not exist in the nal
sample. The P(Co)–C and P–C show higher activity than pure
carbon and Co–C, indicating the critical effect of P-doping on
the improvement of the catalytic activity of carbon for the ORR.
The high surface areas (1320.5 m2 g�1 for the P–C and 1349.2 m2

g�1 for the P(Co)–C) are also important for the high activity of
P(Co)–C and P–C since high edge exposure can be induced with
the high surface area of the samples. The higher activity of
P(Co)–C than that of P–C is due to the fact that additional
P-doping in the P–C sample induces more defect sites as
conrmed by the higher ID/IG value (1.13), which could destroy
the sp2-carbon network in the P–C structure and reduce the
Fig. 10 Current density as a function of cycle number for P(Co)–C and
commercial Pt/C in O2-saturated 0.1 M KOH at a rotating speed of 1600 rpm.

This journal is ª The Royal Society of Chemistry 2013
electrical conductivity of the carbon.51,54,55 For the P(Co)–C
sample, although Co was washed away in the nal sample, Co
could bond with P during the preparation of the sample and
avoid too much doping of P into the carbon. Meanwhile, the
electron transfer from Co to the carbon leads to a decreased
local work function on the carbon surface, which favors the
adsorption of O2 and the ORR as shown by the density func-
tional theory (DFT) studies of Bao et al.56
4 Conclusions

In summary, the P-doped porous carbon (i.e. P(Co)–C) electro-
catalysts were prepared by simultaneous doping and activation
of carbon with phosphoric acid (H3PO4) in the presence of Co.
The P(Co)–C showed high activities for the ORR in alkaline
solutions, which is comparable to those of commercial Pt/C (20
wt% Pt on Vulcan XC-72, Johnson Matthey). The long-term
stability of P(Co)–C is superior to Pt/C. The ORR activity
enhancement in P(Co)–C arises from the P doping into the
carbon lattice and the high surface area of the carbon induced
by phosphoric acid activation. We nd that Co introduced
during the preparation of the sample also plays an important
role in improving the ORR activity of P-doped carbon although
Co was washed away in the nal sample. The Co could bond
with P during the preparation of the sample and avoid toomuch
doping of P into the carbon, and also could transfer electron to
the carbon leading to a decreased local work function on the
carbon surface and therefore a high activity for the ORR.
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