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ABSTRACT: Oxygen reduction reaction (ORR) is the major
reaction that occurs at the cathodes of fuel cells and metal−air
batteries. Development of inexpensive, active, and durable
heteroatom doped carbon-based ORR catalysts can lead to
significant cost reduction of these electrochemical energy
devices, which therefore has recently attracted enormous
research attentions. This work reports a three-dimensional
porous composite (P-g-C3N4@NH2−CB) for the highly
efficient ORR catalyst. P-g-C3N4@NH2−CB was prepared by
mixing phosphorus-doped graphitic carbon nitride nanosheets
(P-g-C3N4 NSs) with NH2-functionalized carbon black (NH2−
CB) via a novel self-assembly approach. The NH2−CB was
rationally chosen as the spacer that enables the self-assembled
with the P-g-C3N4 NSs driven by the electrostatic interaction.
The intercalation of NH2−CB induces the transformation of 2-
D P-g-C3N4 NSs into a 3-D composites material of higher
surface area, thereby exposing more ORR active sites. The P-g-C3N4@NH2−CB exhibited a remarkable ORR activity with an
electron transfer number of 3.83 and Tafel slope of 89 mV dec−1 in alkaline electrolyte, which is comparable to the ORR
performance on Pt/Vulcan XC-72. It is found that the incorporated P atoms as well as employing NH2−CB spacer not only
reduces the overpotential of ORR, but also enhances the ORR activity of carbon nitride-based materials, owing to the synergistic
effect between P and N in tri-s-triazine rings of carbon nitrides and the optimum interaction between the oppositely charged P-g-
C3N4 and NH2−CB.

1. INTRODUCTION

The sustainable energy conversion and storage technologies,
such as fuel cells and metal-air batteries, have attracted
enormous attention and have been extensively studied and
developed to meet the fast-growing global energy demands.1,2

Oxygen reduction reaction (ORR), is the major cathodic
reaction that drives the operations of the rechargeable metal−
air batteries and fuel cells.3−8 The noble metal-based catalysts,
such as Pt, Pd, etc., have been considered as the most efficient
catalysts for ORR at low temperatures. However, their high
cost, scarcity, and poor durability significantly hinders their
widespread applications.9−12 With the aim of mitigating these
barriers, considerable studies are focusing on lowering the
noble metal content, which include the alloying with 3d group
transition metals (e.g., PdFe) and/or the development of cheap
metal oxides (e.g., Mn3O4, CoO/Co).

13−15 Recently, the N-
doped carbon nanotube (CNT) was reported with a
remarkable ORR activity,16 and S-doping of graphene and

CNT also exhibited desirable electrocatalytic activity for ORR
in alkaline media.17 The heteroatoms (e.g., N, S) in carbon
frameworks are found to enable tuning the charge density and
spin density of neighboring C atoms, thereby promoting the
adsorption of oxygen and facilitating the subsequent reduction
reactions on carbon materials.18,19 In this regard, numerous
metal-free carbon materials doped with earth-abundant
elements, such as B, N, S, and Cl, etc., have been extensively
studied featuring the remarkable ORR activity and robust
electrochemical stability.17,18,20−24 However, P-doped materials
are rarely reported and the improved ORR activity during P-
doping requires further investigation.
Graphitic carbon nitrides (g-C3N4) have recently emerged as

one of the novel electrocatalytic and photocatalytic materials

Received: July 6, 2016
Revised: October 29, 2016
Published: November 2, 2016

Article

pubs.acs.org/Langmuir

© 2016 American Chemical Society 12569 DOI: 10.1021/acs.langmuir.6b02498
Langmuir 2016, 32, 12569−12578

D
ow

nl
oa

de
d 

vi
a 

IO
W

A
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ly
 1

0,
 2

01
9 

at
 1

8:
55

:0
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.6b02498


for ORR, oxygen evolution reaction (OER), and hydrogen
evolution reaction (HER) owing to their high content of N, low
cost, and unique tri-s-triazine ring structure.25−31 The N atom
involved can significantly enhance the stability of the heptazine
rings due to the large conjugated π bonding in the carbon
frameworks, which is believed to promote their catalytic activity
toward specific electrochemical reactions.25 On the other hand,
the synthesis of g-C3N4 via thermal polycondensation of
nonmetal precursors resolves the concerns regarding to the
contribution of trace metal impurities to the recorded ORR
activity. However, the bulk g-C3N4 with the small surface area
(<20 m2 g−1) and low electronic conductivity severely
compromises its electrocatalytic activity.25,29 To obtain the
two-dimensional (2-D) thin layered g-C3N4 nanosheets (g-
C3N4 NSs) with desirable electrochemical properties, three
general approaches were applied, including (1) liquid
exfoliation;26,28 (2) thermal oxidation etching;25 (3) acid−
base-treatment.30 These methods successfully increased the
interlayer distance of bulk-C3N4, leading to a larger surface area
with more exposed active sites, thus promoting its activity for
ORR. However, the issues associated with the low yield, long
sonication treatment (>10 h) and more importantly, the
restacking of g-C3N4 nanosheets upon drying makes them less
promise to substitute their counterpart of the noble metal
catalysts. To this regard, the spacer was introduced to enlarge
the interlayer space of g-C3N4 nanosheets.31,32 However, the
randomly mixing of g-C3N4 spacers particles suffers from the
inhomogeneity and their poor electronic interaction, which
could then sacrifice the access of O2 to some reactive sites on g-
C3N4.
Herein, we demonstrate the three-dimensional (3-D)

composite materials comprised of P-doped g-C3N4 NSs and
NH2-functoinalized carbon black (CB) as an efficient ORR
catalyst (P-g-C3N4@NH2−CB). The NH2−CB with positively
charged surface was rationally introduced to insert into the
negative charged P-g-C3N4 nanosheet. Their strong electrostatic
interaction induced by the surface functionalization of the
spacer particles facilitates the distance enlargement and
exfoliation of P-g-C3N4 layered structure. As a result, NH2−
CB particles were found to uniformly distribute on both sides
of P-g-C3N4 with a reduced thickness. The obtained P-g-
C3N4@NH2−CB is believed to expose more sites (surface area
of 286 m2 g−1) for ORR and exhibits desirable electrical and
chemical properties. In addition, the incorporation of P
heteroatoms into tri-s-triazine rings of g-C3N4 further boosts
the ORR performance (electron transfer number of 3.83, at 0.4
V vsRHE), which is much higher than that of pristine g-C3N4
material and even comparable to Pt/C in alkaline media. The
impressive ORR activity, good electrical properties, as well as
robust stability of P-g-C3N4@NH2−CB show great potential for
application in the next generation of energy storage and
conversion devices.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. 2.1.1. Synthesis of Phosphorus-

Doped Carbon Nitride Nanosheets (P-g-C3N4 NSs). The P-g-C3N4
NSs were synthesized by mixing 0.1 g nitrilotris(methylene)-
triphosphonic acid with 1.0 g dicyandiamide followed by thermal
polycondensation process under 600 °C static air for 4h at a heating
rate of 10 °C min−1. The green product (bulk P-g-C3N4) was collected
after cooling down. Subsequently, 100 mg of the obtained bulk P-g-
C3N4 was well dispersed in the iso-propanol subjected ultrasonication
for 5 h to form 0.5 mg mL−1 suspension. The mixture was then
centrifuged at 3000 rpm for 20 min to separate the nonexfoliated

aggregates, while the supernatant was further centrifuged at 8000 rpm
for 10 min, washed thoroughly with deionized water, and freeze-dried
to produce P-g-C3N4 NSs.

2.1.2. Synthesis of 3-D Composite of Phosphorus-Doped Carbon
Nitride Nanosheets with NH2- or SO3H-Functionalized Carbon
Black (P-g-C3N4@NH2−CB or P-g-C3N4@SO3H−CB). The NH2−CB
aqueous solution was drop-wisely added into the above P-g-C3N4 NSs
supernatant alcohol mixture with the uniform dispersity. The
dispersion containing P-g-C3N4 NSs and NH2-CB with the weight
ratio of 3:1 of NH2−CB was then transferred into a Teflon-lined
reactor (50 mL) for hydrothermal aging at 100 °C for 5 h. The self-
assembly of NH2−CB and P-g-C3N4 NSs was then initiated, which was
driven by their acid−base interaction. After cooled down to room
temperature, the P-g-C3N4@NH2−CB or P-g-C3N4@SO3H−CB was
separated by the centrifuged at 10000 rpm for 5 min and freeze-dried.
The P-g-C3N4@SO3H−CB was synthesized by using above method
except the NH2−CB replacement by SO3H-CB (see NH2−CB and
SO3H−CB synthesis details in the Supporting Information).33,34

2.2. Material Characterization. The samples were characterized
by Rigaku Ultima IV X-ray diffraction (XRD) with Cu Kα radiation (λ
= 1.5406 Å) at a tube current of 44 mA and a tube voltage of 40 kV.
The Brunauer−Emmett−Teller (BET) specific surface area and pore
volume of the samples were characterized by using N2 sorption/
desorption measurement, which was carried out on a Quantachrome
Autosorb iQ gas sorption analyzer, and the pore size distribution was
calculated based on the NL-DFT model assuming a slit-shape pore
structure.

JEOL 2100 200 kV scanning and transmission electron microscope
(STEM) and FEI Quanta 250 field-emission scanning electron
microscope (SEM) coupled with the element energy-dispersive X-
ray spectrometer (EDS) were empolyed to characterize the catalyst
mophology and the element distribution. Atomic force microscopy
(AFM) images were obtained using a Dimension 3100 scanning probe
microscope with Nanoscope IV controller (Veeco Metrology LLC.).
All AFM measurements were conducted in tapping mode with a mica
employed as substrate. Fourier transform infrared reflection (FTIR)
spectra were obtained with the IR spectrometer, Thermo Scientific
Nicolet iS 50. X-ray photoelectron spectroscopy (XPS) with Mg K
alpha X-ray (1253.6 eV) (Kratos Amicus/ESCA 3400) was used to
determine the heteroatom concentrations and its corresponding
chemical/valence status through different binding energy peaks. Zeta
potential results were obtained by Malvern NanoZS Zetasizer with
Auto-Titrator.

2.3. Electrocatalytic Characterization. The electrochemical tests
were carried out in the three-electrode half-cell, which consists of a
glassy carbon rotating disk electrode (RDE, 0.19625 cm2 geometric
surface area) (working electrode, Pine), a coiled platinum counter
electrode, and a Hg/HgO reference electrode with 0.1 M KOH filling
solution. The applied potential was controlled using a multichannel
potentiostat (VMP-300 Biological). To fabricate the working
electrode, a 2.0 mg mL−1 catalyst ink was prepared by dispersing P-
g-C3N4@NH2−CB in mixture of the iso-propanol and 5 wt % Nafion
solution (iso-propanol: Nafion solution =9:1 v/v), followed by
ultrasonication until no aggregation was visible. Then, 30 μL ink
was dropped onto the surface of a RDE with a catalyst loading of 0.306
mg cmgeo

−2. A uniform catalyst film was obtained after 30 min ambient
temperature drying in air. The control samples, including g-C3N4 NSs,
P-g-C3N4 NSs, and 20 wt % Pt/C, were fabricated using the same
method described above, and the loading of Pt was 61.2 μgPt cmgeo

−2.
The ORR performance of the catalyst was investigated by cyclic
voltammetry (CV) performed at 50 mV s−1 scan rate with N2 or O2
purging, respectively. The linear sweep voltammetry (LSV) tests were
conducted at different rotating rate from 2000 to 400 rpm in O2-
saturated 0.1 M KOH with 10 mV s−1 scan rate.

The overall number of electrons transferred per oxygen molecule, n,
in ORR were calculated according to the slopes of the Koutecky−
Levich plots using the following equations:13,22

ω
= + = +

J J J B J
1 1 1 1 1

L k
1/2

k
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υ= −B nFC D0.2 ( )o o
2/3 1/6

where J is the measured current density, Jk and JL are the kinetic and
diffusion limiting current densities, ω is the electrode rotating speed in
rpm, B is the reciprocal of the slope, n is the number of electrons
transferred per oxygen molecule, F is the Faraday constant (96485 C

mol−1), Do is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10−5

cm s−1), v is the kinetic viscosity (0.01 cm2 s−1), and Co is the

concentration of O2 (1.2 × 10−3 mol L−1).22,28 The constant 0.2 is

adopted when the rotating speed is in rpm.

Scheme 1. Schematic of the Preparation of Three-Dimensional Phosphorus-Doped Graphitic Carbon Nitride Self-Assembly
with NH2-Functionalized Carbon Composite Catalyst, P-g-C3N4@NH2−CB

Figure 1. (a,f) FTIR and XRD patterns of g-C3N4- and P-g-C3N4-based materials; (b) AFM image of P-g-C3N4 NSs; (c,d) SEM images and (e) TEM
images of P-g-C3N4@NH2−CB.
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Rotating ring-disk electrode (RRDE) was employed to measure the
concentration of HO2

− intermediate and electron transfer number per
oxygen (n) with scanning rate of 10 mV s−1 at rotating rate of 1600
rpm. The HO2

− intermediated, generated on the surface of disk
electrode (0.19625 cm2 geometric surface area), can be immediately
oxidized on Pt-ring electrode with a potential applied at 0.8 V vs RHE.
The electron transfer number n and the percentage of HO2

−

intermediate produced (HO2
− %) can be determined as follows:22

= ×
+

n
I

I I N
4

/
d

d r

= ×
+

− I N
I I N

HO % 200
/

/2
r

d r

where Id is the disk current; Ir is the ring current, and N is the ring
current collection efficiency which was determined to be 23%.22,35

Electrochemical impedance spectroscopy (EIS) measurements were
performed by applying an AC voltage at 0.4 V vs RHE with 5 mV
amplitude in a frequency range from 100 kHz to 10 mHz in O2-
saturated 0.1 M KOH solution. The 20 cycles CV scanning were
conducted prior to the EIS measurements to obtain stable CV
polarization curves, and the EIS measurement will be subsequently
performed without rotation.36 All experimental results for the ORR
activity in this paper were reported as current density versus applied
potential (vs RHE), and the current densities were normalized using
geometric surface area of a glassy carbon electrode with 5 mm
diameter. The Hg/HgO reference electrode was calibrated with
respect to the reversible hydrogen electrode (RHE) before use. The
calibration was conducted in standard three-electrode system with Pt
wire as the working and counter electrodes, and the Hg/HgO
electrode as the reference electrode. Before the calibration, the 0.1 M
KOH electrolyte was purged and saturated with high purity H2 for 30
min, and LSV was then carried out at a scan rate of 0.5 mV s−1 from
−0.93 V to −0.85 V vs Hg/HgO. The potential (vs 0.1 M KOH Hg/
HgO electrode) at which current crosses zero is recorded as 0.888 V
versus the reversible hydrogen electrode (E(RHE) = E(Hg/HgO) + 0.888 V
in 0.1 M KOH electrolyte).

3. RESULTS AND DISCUSSION
3.1. Material Synthesis and Characterization. The bulk

P-g-C3N4 materials were prepared via the thermal polyconden-
sation approach as described in the Experimental Section,
which has been reported as the procedure for bulk g-C3N4
synthesis.26,29 With the successful incorporation of P atom, the
color of bulk g-C3N4 changes from yellow to green (bulk P-g-
C3N4). Since the obtained carbon nitride layers tend to restack
through π−π interaction, it is believed that only limited active
sites on bulk P-g-C3N4 surface could access O2, significantly
inhibiting its electrocatalytic activity for ORR. Therefore, the
exfoliation process is required to prepare thinner layered
carbon nitride based materials with the aim of exposing more
active sites for catalyzing the electrochemical reaction. In
addition, the electronic properties of the carbon nitride
materials could be also enhanced through effective exfolia-
tion.25,26 As illustrated in Scheme 1, the as-synthesized bulk P-
g-C3N4 of the multilayered structure were pre-exfoliated
through ultrasonication conducted in a solvent to make P-g-
C3N4 NSs. In order to achieve the optimum exfoliation
performance, the solvent effects on the efficiency of the carbon
nitride exfoliation were studied. Bulk g-C3N4 was dispersed in
different solvents with the same concentration, including iso-
propanol (IPA), N-methyl-pyrrolidone (NMP), water, ethanol,
acetone, and hexane, followed by ultrasonication for 2 h. As a
result (Figure S1), the bulk g-C3N4 was homogeneously
dispersed in IPA and NMP without apparent aggregation,
indicating an effective exfoliation, while large precipitations can

be clearly observed in other solvents after the extended
sonication. It is noteworthy that the exfoliation performance
could be significantly influenced by the surface energies of the
solvents used, and the layered structure can be successfully
exfoliated when the enthalpy of mixing is minimized, as the
surface energies of flake were close to that of the solvent used.24

Therefore, IPA and NMP (ca. 40 mJ m−2 surface energy)24 are
more favorable for exfoliating the carbon nitride sheets (ca. 70
mJ m−2 surface energy),25 which agrees well with the
experimental results. However, the high boiling point of
NMP could lead to the aggregation of the exfoliated g-C3N4
NSs owing to the slow solvent evaporation. Thus, IPA of low
boiling point was chosen to exfoliate the P-g-C3N4 based
materials in this work. After 5 h ultrasonication pre-exfoliation,
most of bulk P-g-C3N4 particles were dispersed in IPA to form a
uniformly stable solution. The P-g-C3N4 NSs were finally
obtained by collecting the precipitants via the centrifuge
separation at 3000 rpm.
The collected P-g-C3N4 NSs were characterized by infrared

spectroscopy (IR) and atomic force microscopy (AFM). As
shown in Figure 1a, the P-g-C3N4 NSs exhibits very similar IR
spectrum as g-C3N4 NSs, and all characteristic peaks of tri-s-
triazine structure of g-C3N4 were well preserved in P-g-C3N4
NSs IR spectrum, indicating the 2-D layered structure has no
significant change after the phosphorus doping. The broad
peaks between 3400 and 3000 cm−1 of P-g-C3N4 can be
assigned to the N−H stretches in amino groups (−NH2 or 
NH),25 suggesting the partial hydrogenation of some nitrogen
atoms in the nanosheets. The sharp peak at around 809 cm−1 is
originated from the heptazine ring structure, and those peaks in
the region from 1800 to 900 cm−1 are attributed to the typical
stretching modes of aromatic C−N heterocycles.26,37 It should
be noted that the peaks corresponding to P−N groups likely
overlap with that of C−N heterocycles, making it difficult to be
differentiated owing to the low P content.38 AFM was then
employed to determine the thickness of pre-exfoliated P-g-
C3N4 NSs. The resulting thickness was measured to be
approximate 3 nm (Figure 1b), suggesting the 2-D structure
consisted of approximately 8−10 C−N atomic layers.28

However, these pre-exfoliated P-g-C3N4 NSs were found to
seriously restack upon drying. Thus, the NH2-functionalized
carbon black particles were introduced as a spacer to stabilize
the pre-exfoliated P-g-C3N4 NSs, by which the insertion of
NH2−CB into P-g-C3N4 NSs induces the transformation to a 3-
D porous interconnected network.
As illustrated in Scheme 1, the positively charged NH2−CB

particles (zeta potential of −27.3 eV, Figure S2) were added
into the IPA solution suspended with pre-exfoliated P-g-C3N4
NSs (zeta potential of +72.0 mV Figure S2) of the weight ratio
of 1:3 (NH2−CB: P-g-C3N4 NSs). Their strong electrostatic
interaction induced by the surface functionalization of the
spacer particles facilitates the exfoliation of P-g-C3N4 layered
structure. As a result, NH2−CB particles were found to
uniformly distribute on both sides of P-g-C3N4 NSs, leading to
a reduced thickness (Figure 1c,d). Unlike the 2-D stacked P-g-
C3N4 NSs (Figure S3a), the 3-D porous P-g-C3N4@NH2−CB
composite was formed with NH2−CB as the pillar to mitigate
the issue of P-g-C3N4 NSs restacking, as confirmed by the SEM
images (Figure 1c,d). When it changed the weight ratio of two
components from 1:3 (NH2−CB: P-g-C3N4 NSs) to 3:1, a
homogeneous NH2−CB outer layer of higher density was
observed to cover the surface of P-g-C3N4 NSs, indicating a
good assembling of NH2−CB and P-g-C3N4 NSs via the
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electrostatic interaction (Figure S3b). With the NH2−CB
spacer intercalation, the BET surface area of P-g-C3N4@NH2−
CB was significantly increased to 286 m2 g−1 (10 m2 g−1 for
bulk P-g-C3N4) (Figure S4), which is consistent with the highly
porous structure shown in SEM images. The as-synthesized 3-
D porous P-g-C3N4@NH2−CB composite was also charac-
terized by TEM. The NH2−CB particles were sandwiched in
between P-g-C3N4 NSs (Figure 1d, S3c), and the nearly
transparent layers demonstrate the very thin layers, this is in
good consistence with the results obtained from SEM images
and further confirms a good assembly driven by the acid−base
interaction. It is noteworthy that the tri-s-triazine structure was
well maintained in P-g-C3N4@NH2−CB, and all peaks featuring
heptazine heterocycles, e.g. peaks of 3400−3000 cm−1, 809
cm−1, and 1800−900 cm−1, were clearly observed in the IR
spectrum (Figure 1a).
Additionally, X-ray diffraction (XRD) was used to analyze

the CN structure of P-g-C3N4 based materials. As shown in
Figure 1f, the clear diffraction peak at 27.38°, assigned to (002)
interlayer diffraction of a CN graphitic-like structure,26,28 was
observed on both g-C3N4 NSs and P-g-C3N4 NSs, indicating a
well maintaining of the tri-s-triazine ring structure in P-g-C3N4

NSs upon P doping. On the other hand, the low-angle
diffraction peak at 2θ of 13.3° (in-planar repeated tri-s-triazine
units) becomes less obvious when the g-C3N4 NSs is exfoliated
from bulk g-C3N4 (Figure S5), and the intensity is further
reduced with P atoms incorporation. This could be mainly
caused by reduced amount of stacked carbon nitride interlayers
after pre-exfoliation and smaller planar size of the repeated tri-s-
triazine unit disordered by P atoms.25,28 Furthermore, it is
interesting to note that a typical (002) diffraction represented
by CN graphitic-like structure slightly shifts from 27.38° to
27.05° when the NH2−CB spacer inserts into pre-exfoliated P-

g-C3N4 NSs, highlighting the 3-D porous composite formation
with an enlarged space between P-g-C3N4 interlayers.

25

To investigate the composition and N and P valence states of
the as-synthesized P-g-C3N4, the pre-exfoliated P-g-C3N4 NSs
were characterized by X-ray photoelectron spectroscopy (XPS).
Since the inserted NH2−CB spacer could affect the XPS signals
of P-g-C3N4 NSs, XPS was conducted by using pre-exfoliated P-
g-C3N4 NSs in the absence of NH2−CB particles. From Figure
2a, the atomic ratio of P-g-C3N4 NSs were determined to be
46.72% of C, 42.72% of N, 6.03% of O, and 4.53% of P. The C/
N ratio of P-g-C3N4 NSs was calculated to be 1.09, which is
higher than that of 0.83 in g-C3N4 (Figure S6), indicating a
successful incorporation of both P and C during the thermal
polycondensation. The spectra of P2p, C1s and N1s were further
characterized as shown in Figure 2b−d. A broad peak was
observed in the P2p narrow scan spectrum (Figure 2d), which
can be deconvoluted into two peaks, located at 131.2 eV, and
133.5 eV, respectively. Since the binding energy of the P−C
coordination should be 1−2 eV lower than that of P−N/PN
species, the 131.2 eV peak is originated from the P−C
structure, while another peak at 133.5 eV can be assigned to P−
N and PN structures.38−40 The high resolution of C1s

spectrum of P-g-C3N4 NSs (Figure 2b) can be deconvoluted
into three major peaks centered at 288.0, 286.0, and 284.6 eV,
respectively. The peak located at 288.0 eV is well identified as a
sp2-hybridized carbon in an N-containing aromatic ring (N−
CN), which is the main structure of g-C3N4 as shown in
Figure S6a, and the 284.6 eV peak could be assigned to sp2 C−
C bonds.26,28 In addition, more O atoms were added due to the
P doping, and the peak located at 286.0 eV was originated from
C−OH structure, whose relative ratio is much larger than that
of g-C3N4 with low O atom concentration. Meanwhile, the N1s

spectrum (Figure 2c) can be deconvoluted into three different

Figure 2. (a) XPS survey spectrum and high-resolution spectra of (b) C1s, (c) N1s, and (d) P2p of P-g-C3N4 NSs.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b02498
Langmuir 2016, 32, 12569−12578

12573

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02498/suppl_file/la6b02498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02498/suppl_file/la6b02498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02498/suppl_file/la6b02498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02498/suppl_file/la6b02498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02498/suppl_file/la6b02498_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.6b02498


peaks with the binding energy of 398.6, 399.9, and 403.5 eV,
respectively. The major peak at 398.6 eV represents a typical
structure of sp2-hybridized nitrogen in C-containing triazine
rings (C−NC), while the peak at 399.9 eV is assigned to the
tertiary nitrogen N(-C)3 structure.

28,41 The absence of the peak
around 401.0 eV suggests that the samples do not contain the
N−N bonding structure.25 In comparison, the small peak
located at 403.5 eV was also detected, which could be attributed
to charging effect or the localization of positive charges in
heterocycles and the cyano- group.28 Based on the obtained
XPS results, the P atoms were successfully incorporated into
C−N frameworks of P-g-C3N4 NSs, while its 2-D heptazine
layered structure was well preserved.
The self-assembly between P-g-C3N4 NSs and NH2−CB

spacer proven by SEM and TEM results is driven by a strong
electrostatic interaction, ascribing to the opposite surface
charge (zeta potential of −27.3 eV for P-g-C3N4 NSs; + 72.0
eV for NH2−CB). Since the surface charge of P-g-C3N4 and
spacer could significantly affect the self-assembling perform-
ance, thereby determining the resulting composite structure,
the carbon particles with different functionalities were studied.
The positively charged NH2−CB spacer (zeta potential of
+72.0 eV, Figure S2) was rationally replaced by negatively
charged SO3H−CB particles (zeta potential of −44.1 eV,
Figure S2). In sharp contrast to the 3-D porous structure of P-
g-C3N4@NH2−CB, the SO3H−CB particles were predom-
inantly aggregated and populated on the P-g-C3N4 surface
instead of inserting into P-g-C3N4 interlayers (Figure S3d,e).
This could be attributed to the same type of surface charges
between the P-g-C3N4 NSs and SO3H−CB, causing a poor

interaction of SO3H−CB particles. Therefore, the 3-D porous
structure of P-g-C3N4@NH2−CB should be attributed to the
strong electrostatic interaction between P-g-C3N4 and NH2−
CB, which has a great potential as efficient metal-free
electcatalysts for ORR.

3.2. Electrochemical Characterization. Before the
evaluation of electrocatalytic ORR activity, the Hg/HgO
reference electrode was calibrated with respect to the reversible
hydrogen electrode (RHE), which determines E(RHE) =
E(Hg/HgO) + 0.888 V in 0.1 M KOH electrolyte, as shown in
Figure S7. All applied potentials in this paper were reported
versus the reversible hydrogen electrode (RHE).
The electrocatalytic ORR activity of P-g-C3N4-based catalysts

were first investigated by cyclic voltammetry (CV) tests. As
shown in Figure 3a, P-g-C3N4@NH2−CB composite exhibits
larger double-layer current density than that of 2-D P-g-C3N4
NSs in N2-saturated 0.1 M KOH electrolyte (dash curve),
attributing to the 3-D porous structure with larger surface area
as the result of the insertion of NH2−CB particles. In contrast,
P-g-C3N4@SO3H−CB composite reveals a smaller double-layer
current density (lower surface area) as compared to that of P-g-
C3N4@NH2−CB (Figure S8). When the electrolyte was
saturated with O2, a well-defined cathodic ORR peak, centered
at 0.63 V, was observed on P-g-C3N4@NH2−CB, indicating an
ORR electrocatalytic activity.
To gain deeper insights into ORR on P-g-C3N4 based

catalysts, linear sweep voltammetry (LSV) tests were carried
out at different rotating rates ranging from 2000 to 400 rpm in
0.1 M KOH O2-saturated electrolyte. The Koutecky−Levich
equation (for K-L equation details see Experimental Section)

Figure 3. (a) Cyclic voltammograms (CV) of P-g-C3N4@NH2−CB in 0.1 M KOH solution saturated with N2 (dash line) and O2 (solid line) at a
scan rate of 50 mV s−1. (b) ORR Polarization curves at different rotating speeds for P-g-C3N4@NH2−CB in O2-saturated 0.1 M KOH solution at a
scan rate of 10 mV s−1 (the inset shows the corresponding K-L plots). (c) Comparative polarization curves of different catalysts with the same
loading measured at 1600 rpm in O2-saturated 0.1 M KOH electrolyte. (d) Kinetic limiting current density (Jk) and the electron transfer number for
g-C3N4 NSs, 20 wt % Pt/C, and P-g-C3N4 based catalysts at 0.4 V.
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was used to calculate the electron transfer number (n) per O2 at
a given applied potential in the mass transport limiting current
region. As shown in the inset of Figure 3b, the K-L plots (J−1 vs
ω−1/2) of the P-g-C3N4@NH2−CB catalyst exhibited a linear
relationship within the applied potential ranging from 0.2 to 0.5
V, and the slopes of investigated plots were kept approximately
constant, suggesting a similar n value and a stable ORR activity
at the given potential range. The electron transfer number, n,
was determined to be 3.78 at 0.4 V under 1600 rpm, indicating
that the OH− (4e− transfer reaction) is the dominant product
with a small amount of HO2

− produced following 2e− transfer
pathway.
Comparative studies of the electrocatalytic activity of P-g-

C3N4@SO3H−CB, P-g-C3N4 NSs, and g-C3N4 NSs with Pt/C
were also conducted in O2-saturated alkaline electrolyte. When
doped with P atom, the onset potential (potential at which J =
0.1 mA cm−2) of P-g-C3N4 NSs significantly shifts from 0.76 V
(g-C3N4) to 0.87 V with 110 mV overpotential decrease. In
addition, P-g-C3N4 NSs exhibits a limiting current density of
3.40 mA cm−2 at 0.4 V, which is much higher than 2.40 mA
cm−2 obtained from g-C3N4 NSs (Figure 3c). The onset
potential positive shift (overpotential decrease) as well as the
limiting current density increase suggest the enhancement of
ORR activity for P-g-C3N4 NSs with the P atom incorporation.
However, the ORR performance on P-g-C3N4 NSs still requires
further improvement as the restaking of P-g-C3N4 NSs blocks a
substantial amount of active sites and set a higher diffusion
resistance of O2 gas. In this regard, the composite of P-g-
C3N4@NH2−CB or P-g-C3N4@SO3H−CB was prepared and
demonstrated a further enhancement of the limiting current
density of 4.87 mA cm−2 at 0.4 V with a Tafel slope of 89 mV
dec−1 (Figure S9) for P-g-C3N4@NH2−CB, and 3.73 mA cm−2

at 0.4 V with a Tafel slope of 92 mV dec−1 (Figure S9) for P-g-
C3N4@SO3H−CB, and the onset potential also positively shifts
to 0.90 V (P-g-C3N4@NH2−CB) and 0.88 V (P-g-C3N4@
SO3H−CB), respectively. However, owing to the same type of
surface charge between SO3H−CB and P-g-C3N4 NSs, it shows
an inferior performance for 3-D P-g-C3N4@SO3H−CB
composite that exhibits lower ORR activity than P-g-C3N4@
NH2−CB, although it still outperforms 2-D structured P-g-
C3N4 NSs (limiting current density of 3.40 mA cm−2 at 0.4 V
with a Tafel slope of 98 mV dec−1). The strong electrostatic
interaction between NH2−CB and P-g-C3N4 NSs effectively
drives to construct a 3-D porous P-g-C3N4@NH2−CB
composite with larger surface area and more exposed ORR
active sites. As a result, with the enhancement originated from
incorporated P atoms and 3-D porous structure, the resulting 3-

D P-g-C3N4@NH2−CB composite exhibits the best ORR
performance over all investigated carbon nitride-based materials
reported in this work. To rule out effects of the functionalized
carbon blacks on the improvement of the ORR performance
observed on P-g-C3N4@NH2−CB and P-g-C3N4@SO3H−CB,
the ORR activities of NH2−CB and SO3H−CB were also
studied. As shown in Figure S10, the NH2−CB and SO3H−CB
show the onset potential of 0.75 and 0.73 V with the limiting
current of 3.5 mA cm−2 and 2.8 mA cm−2 at 0.4 V, respectively,
revealing their poor ORR catalytic activities. Therefore, the
NH2−CB spacer contributes a minor ORR activity on the
remarkable ORR performance obtained with P-g-C3N4@NH2−
CB, which should be predominantly originated from the 3-D
porous structured P-g-C3N4.
The electron transfer number, n, of pristine g-C3N4, P-g-

C3N4 NSs, and P-g-C3N4@SO3H−CB calculated by using the
K-L equation was 2.63, 3.12, and 3.40 at 0.4 V vs RHE,
respectively, which was in good accordance to the trend of their
respective limiting current density, but much lower than the n
value of 3.78 for P-g-C3N4@NH2−CB. The kinetic limiting
current density (Jk) at 0.4 V determined by the K-L equation is
shown in Figure 3d. The P-g-C3N4@NH2−CB shows the
highest Jk of 22.1 mA cm−2, indicating an excellent ORR
electrocatalytic activity that is very close to the Jk of 25.0 mA
cm−2 obtained from Pt/C. Although the half-wave potential
difference (ΔE1/2) of 81 mV was observed comparing the P-g-
C3N4@NH2−CB and Pt/C, a comparable ORR performance at
the mass transport limiting region with electron transfer
number of 3.78 per O2 holds promise for P-g-C3N4@NH2−
CB to be an alternative to Pt/C as an affordable metal-free
ORR catalyst.
The electrocatalytic activity of as-synthesized 3-D porous P-

g-C3N4@NH2−CB composite was further compared with
various catalysts, including heteroatom-doped carbon materials
(e.g., BCN-graphene, N-doped mesoporous carbon, N, S dual-
doped graphene−CNT composite)23,24,42 and carbon nitride
based catalysts (e.g., g-C3N4@graphene composite, g-C3N4/
rGO,),27,31,32,43,44 as shown in Table S1. Müllen et al. reported
the N-doped mesoporous carbon with an onset potential of
0.83 V and a limiting current density of 4.30 mA cm−2 at 0.4
V,24 while Dai et al. synthesized the B−N dual-doped graphene
materials exhibited a decent onset potential with a higher
limiting current density of 4.45 mA cm−2.23 The presence of the
heteroatoms (e.g., N, B, S) was found to tune the spin and
charge density of neighboring carbon, thereby improving the
ORR activity of corresponding doped carbon materials.28

However, the low heteroatom concentration combined with the

Figure 4. (a) HO2
− yields (top) during the ORR and the corresponding electron transfer number (n, bottom) on different catalysts measured by

RRDE. (b) EIS Nyquist plots (recorded at 0.4 V) of P-g-C3N4@NH2−CB, P-g-C3N4 NSs, and g-C3N4 NSs (Inset: the equivalent circuit diagram).
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disordered structure of doped carbon materials still limits ORR
performance of heteroatom-doped carbon materials. In sharp
contrast, as-synthesized 3-D P-g-C3N4@NH2−CB composite
contains a well-ordered tri-s-triazine ring structured P-g-C3N4
NSs with high N concentration, and the synergistic effect
between doped P atoms and pristine N atoms on neighboring
carbon significantly improves the ORR activity of 3-D P-g-
C3N4. In addition, the inserted NH2−CB effectively stabilizes
the pre-exfoliated P-g-C3N4 NSs and facilitates construction of a
3-D porous composite. Therefore, as-synthesized P-g-C3N4@
NH2−CB exhibits a remarkable ORR performance that is much
higher than those of reported heteroatom-doped carbon
materials and carbon nitride base composites, such as g-
C3N4@graphene composite, and g-C3N4/CNT.
In order to further investigate the ORR activity of P-g-

C3N4@NH2−CB as well as the reaction mechanism, RRDE
tests were conducted to directly measure the concentration of
HO2

− intermediate and determine the electron transfer number
(n) of ORR on these catalysts. The generated HO2

−

intermediate on the surface of disk electrode can be
immediately oxidized on the surface of a Pt ring electrode
with a setting potential of 0.8 V vs RHE. As shown in Figure
S11, P-g-C3N4@NH2−CB showed the lowest ring current
density due to the HO2

− oxidation, and the HO2
− yield on disk

electrode was constant at 12% between 0.25 to 0.55 V (Figure
4a), revealing that the disk current density mostly resulted from
OH− production through 4e− transfer ORR reaction, and the
average n value of P-g-C3N4@NH2−CB was determined to be
3.83 with little variations from 0.25 to 0.55 V (Figure 4a). On
the other hand, the average HO2

− yield on P-g-C3N4@SO3H−
CB and P-g-C3N4 NSs were determined to be 26%, and 40%
with the n value of 3.46 (P-g-C3N4@SO3H−CB), and 3.21 (P-
g-C3N4 NSs), respectively, which is in good agreement with the
results derived from the K-L equation in RDE tests. The large
amount of HO2

− intermediate production could decrease the n
value and drastically reduce the ORR efficiency. Thus, the P-g-
C3N4@NH2−CB with the lowest HO2

− yield exhibits the best
ORR performance over three investigated P-g-C3N4 materials.
The positive−negative charge interaction between NH2−CB
and P-g-C3N4 sheets was expected to facilitate the NH2−CB
insertion into P-g-C3N4 NSs with the increasing of the layer
distance, and more active sites were exposed, so as to greatly
enhance the ORR performance of P-g-C3N4 NSs. Furthermore,
the good ORR activity on P-g-C3N4@NH2−CB is also
suggested by the electrochemical impedance spectroscopy
(EIS) results (Figure 4b). In the high frequency regime, the
P-g-C3N4 NSs and P-g-C3N4@NH2−CB exhibit a relatively
smaller intercept in the real axis (ZRe) than that of g-C3N4 NSs,
revealing the lower contact resistance and ohmic resistance.
The lower resistance of P-doped carbon nitride can be
attributed to the incorporated P with lone pair electrons that
can delocalize the π-conjugated tri-s-triazine of the same
building unit, and facilitate the localization of the hole for
charge transfer to increase the conductivity of P-g-C3N4
materials.45 On the other hand, the P-g-C3N4@NH2−CB
shows the smallest semicircle in comparison with those on P-g-
C3N4 NSs and g-C3N4 NSs (Figure 4b), indicating the fast
kinetic process of ORR on P-g-C3N4@NH2−CB catalysts.36

The high surface area with more exposed ORR active sites,
owing to the 3-D porous configuration, endows P-g-C3N4@
NH2−CB with higher ORR rate. Therefore, both the electrical
and electrocatalytic properties of P-g-C3N4@NH2−CB were

promoted because of the insertion of NH2−CB driven by the
positive−negative charge interaction with P-g-C3N4 NSs.
The catalyst stability is another important criterion for

evaluation of ORR catalysts. In this regard, P-g-C3N4@NH2−
CB was further tested by cycling the catalyst at 10 mV s−1 scan
rate under oxygen purging. After 3000 potential cycles, the P-g-
C3N4@NH2−CB exhibits a robust stability with only 47 mV of
half-wave potential shift (Figure 5), which is superior to the 52

mV observed on the commercial Pt/C catalyst (Figure S12).
The stability of P-g-C3N4@NH2−CB was further measured at a
constant voltage of 0.4 V for 36000 s (10 h). The results
indicate a slow decrease of ORR activity of P-g-C3N4@NH2−
CB, where 90.2% of the current was maintained after 36000 s
(Figure S13). On the contrary, Pt/C shows more severe
performance degradation, as only 75.6% of the current
remained after an identical stability test (Figure S13). Together
with the potential-cycle test results, the active and robust P-g-
C3N4@NH2−CB composite electrocatalyst demonstrates its
great potential to serve as a Pt/C alternative for ORR in fuel
cells, Li−air batteries, and other energy storage and conversion
devices with oxygen electrodes.

4. CONCLUSIONS
In summary, we have demonstrated a successful synthesis of P-
doped graphite-like carbon nitride nanosheets assembled with
NH2- functionalized carbon black via an efficient exfoliation
approach. The positively charged NH2−CB nanoparticles were
self-assembled with negatively charged P-g-C3N4, which can
significantly enhance the exfoliation performance to obtain
thinner layered P-g-C3N4 nanosheets with a thickness of <3 nm
and high surface area of 286 m2 g−1. The P atoms were then
incorporated into the tri-s-triazine rings while 2-D layered
structure was well maintained upon the P doping. The
introduction of the NH2−CB facilitates its transformation to
a 3-D composite material, which not only significantly enhances
the ORR performance, but also greatly improves the electrical
conductivity of P-g-C3N4@NH2−CB catalysts. As a result, the
obtained P-g-C3N4@NH2−CB exhibits a remarkable ORR
performance with an onset potential of 0.90 V vs RHE, Tafel
slope of 89 mV dec−1, and electron transfer number of 3.83 per
oxygen molecule in alkaline media. This is comparable to that
recoded on Pt/Vulcan XC-72. Moreover, the better ORR
stability with P-g-C3N4@NH2−CB as compared to Pt/Vulcan
XC-72 suggests a promising alternative cathodic catalyst that

Figure 5. ORR polarization curves P-g-C3N4@NH2−CB before and
after 3000 potential cycles in O2-saturated 0.1 M KOH solution.
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could substitute noble metals used in electrochemical energy
conversion and storage devices.
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