
Enhancing Photocatalytic Activity of Graphitic Carbon Nitride by
Codoping with P and C for Efficient Hydrogen Generation
Hao Wang,† Bo Wang,† Yaru Bian,† and Liming Dai*,†,‡

†BUCT-CWRU International Joint Laboratory, State Key Laboratory of Organic−Inorganic Composites, Center for Soft Matter
Science and Engineering, College of Energy, Beijing University of Chemical Technology, Beijing, China
‡Center of Advanced Science and Engineering for Carbon (Case4Carbon), Department of Macromolecular Science and Engineering,
Case Western Reserve University, 10900 Euclid Avenue, Cleveland, Ohio 44106, United States

*S Supporting Information

ABSTRACT: The generation of clean hydrogen gas from photocatalytic water splitting by using graphitic carbon nitride (g-
C3N4) as the photocatalyst has attracted considerable research interest. For practical applications, however, the photocatalytic
activity of g-C3N4 needs to be further improved by, for example, band gap engineering through heteroatom doping. In this study,
we found that doping of carbon nitride with carbon and phosphorus (P) could tune energy level of the conduction band.
Subsequent hydrothermal treatment led to an increase in the specific surface area from 24.9 up to 141.1 m2 g−1, which was
accompanied by increasing C concentration of the resultant C, P-doped g-C3N4 to reduce the hole−electron recombination and
enhance the conductivity. Consequently, the C, P-codoped g-C3N4 (i.e., CPCN-1*) exhibited a much enhanced photocatalytic
activity for efficient generation of H2 by photocatalytic water splitting under visible-light irradiation (1493.3 μmol g

−1 h−1about
9.7 times enhancement from that of bulk g-C3N4).
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1. INTRODUCTION

Clean hydrogen generation by splitting water with sunlight
plays an important role in developing sustainable green
energy.1−4 As first reported by Antonietti and co-workers,
graphitic carbon nitride (g-C3N4) having an intrinsic band gap
of ∼2.7 eV could be used as a catalyst for photogeneration of
hydrogen from water with visible light irradiation.5 Since then,
g-C3N4 has been widely studied for photocatalytic water
splitting and many other reactions, such as oxygen reduction,
water treatment, and organic pollutants degradation.4,6−11

Furthermore, g-C3N4 was found to be chemically/thermally
stable and nontoxic, providing additional advantages for
photocatalysis and/or photodynamic therapy.2,5,12,13 However,
photocatalytic performance of the pristine g-C3N4 is still
suffered from multidisadvantages, including its low electrical
conductivity, narrow adsorption range of visible light, high
recombination rate of carriers, and ease with which g-C3N4
aggregates in the conventional fabrication process.14−17 To
overcome these deficiencies, a few approaches involving the

control of morphology, modulation of electronic structure by
heteroatom doping, and creation of heterojunctions with other
semiconductors have been reported recently.2,6,18−21 Among
them, the heteroatom-doping approach is of particular interest
as it could simultaneously tune energy levels of the valence
band (VB), conduction band (CB), visible light absorption
efficiency, and charge transfer mobility.2,22−27 Indeed, doping of
g-C3N4 with B, P, N, S, and/or F has been demonstrated to
efficiently improve its photocatalytic activity.23,28−30 Never-
theless, possible effects of codoping on the photocatalytic
activity of g-C3N4 have been much less discussed in the
literature. Besides, it is important to enlarge the specific surface
areas (SSA) of a photocatalyst.31−37

In this study, we developed a facile but efficient synthetic
route to prepare C, P-codoped g-C3N4 by self-assembling
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melamine with phytic acid,20,38 followed by hydrothermal
treatment to enlarge its specific surface area. Doping carbon
species into the lattice of g-C3N4 has been found to reduce the
hole−electron recombination by improving conductivity, which
could lead to a further enhanced photocatalytic performance for
hydrogen generation.39 Compared to the pristine g-C3N4, our
newly developed C, P-codoped g-C3N4 exhibited an about 9.7
times higher H2 generation rate (1493.3 μmol g−1 h−1) from
photocatalytic water splitting under visible light, which is
among the best for carbon-based metal-free photocatalysts ever
reported (cf. Table S1), with a reasonably high apparent
quantum efficiency (AQE) 2.14%.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation. In a typical experiment, 1.0 g of

melamine was dissolved into 100.0 mL of distilled water at 60 °C to
obtain a homogeneous suspension, to which a predetermined amount
of phytic acid (10.0 wt % in water) was then added, that is, the
molarity 1.52 mol L−1. Continued stirring of the mixture solution at 60
°C for 6 h led to water evaporation to produce the solid product,
which was then heated up to 550 °C at a heating rate of 5 °C min−1

and annealed for 4 h in a tubular furnace. After being cooled down to
room temperature, we collected the brown agglomerate sample and
milled it into powder in a mortar for subsequent use. Samples with
different C, P-doping levels were synthesized under the same
conditions, but with different ratios of phytic acid to melamine in
the reactants, and designated as CPCN-X with X being the molar
percentage of phytic acid in the starting material. For the hydrothermal
post-treatment, 150.0 mg of the resultant P-doped g-C3N4 was mixed
with 40.0 mL of distilled water in a 50.0 mL packed Teflon-lined
autoclave and heated at 180 °C for 6 h. After the hydrothermal
treatment, C, P-codoped g-C3N4 was obtained as the final product and
designated as CPCN-X*. As reference, pristine g-C3N4 was also
synthesized by the same procedure, but without the addition of phytic
acid, and designated as CN. The pristine g-C3N4 after hydrothermally
treated was designated as CN*.
2.2. Physicochemical Characterization. X-ray powder diffrac-

tion (XRD) was measured using a D2 PHSDER X-ray diffractometer

(Bruker Company, Germany) and Cu Kα radiation (λ = 1.540 56 Å).
X-ray photoelectron spectroscopy (XPS) was performed on an
ESCALAB MKII X-ray photoelectron spectrometer (VG Instruments,
CA, USA) using nonmonochromatized Mg Kα X-ray source. Fourier
transform infrared (FT-IR) spectroscopic measurements were carried
out using KBr pellets on a Nicolet 6700 FT-IR spectrometer (Thermo
scientific, USA) with DLA TGS detector. UV−vis diffuse reflectance
spectra (DRS) were taken on a UV-2600 spectrophotometer
(Shimadzu, Japan). Photoluminescence (PL) spectroscopy was
performed using an F-700 fluorescence spectrophotometer (Hitachi,
Japan) with 368 nm excitation laser. Transmission electron micro-
scope (TEM) images were acquired on a FEI Tecnai G20 field
emission electron microscope operating at an accelerating voltage of
200 kV. N2 adsorption and desorption isotherms were collected on an
ASAP 2460 N2 adsorption apparatus (Micrometritica, USA) at 77 and
273 K, respectively. The total pore volumes were estimated from the
adsorbed amount of N2 at a relative pressure P/P0 of 0.995.

Mott−Schottky plots were recorded on an electrochemical
workstation (CHI 760E) with a standard three-electrode cell by
using an indium−tin oxide glass (ITO glass) precoated with various
carbon nitride samples as the working electrodes, Pt wire as the
counter electrode, and Ag/AgCl reference electrode in saturated KCl.
The working electrode was prepared by dispersing 30.0 mg of specific
carbon nitride powder in a mixture solution of 1.0 mL of ethanol, 1.0
mL of ethylene glycol, and 20.0 μL of Nafion (5 wt %), followed by
drop-casting 50.0 μL of the resulted colloidal dispersion onto a piece
of 2 cm long and 2 cm wide ITO glass (4 cm2), and the area coated
with photocatalysts is 2.3 cm2. Prior to use, the resultant electrode was
dried in an oven at 120 °C for 2 h. A 300 W Xe lamp with a cut filter
(λ > 420 nm) was used as the light source.

2.3. Photocatalytic H2 Evolution Measurement. Photocatalytic
performance for H2 generation was investigated in a 215.0 mL Pyrex
flask with a 300 W Xe lamp (Microsolar 300, Perfect Light) as the light
source. The distance between the sample and light source was 20 cm,
and the intensity of incident light was 88.0 mW cm−2. Typically, 50.0
mg of specific carbon nitride (CN) sample was added to an aqueous
solution (100.0 mL) of triethanolamine (TEOA, 20 vol %, as a
sacrificial reagent), and then ca. 1.0 wt % Pt was deposited onto the
surface of CN by in situ photodeposition approach using H2PtCl6·

Figure 1. (a) A typical SEM image of CPCN-1*. (b) XRD patterns of CN, CN*, CPCN-1, and CPCN-1* with the inset displaying an enlarged view
of the (002) peaks. (c) N2 adsorption and desorption isotherms and (d) the corresponding pore size distributions for CN, CN*, CPCN-1, and
CPCN-1*.
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6H2O as Pt source under a 300 W Xe lamp by irradiating for 1 h.5 Pt
was used as an “electron acceptor” to facilitate charge separation for
the photoinduced carriers and subsequent electron collection. The
resulting suspension was then bubbled with N2 at flow of 200 sccm for
0.5 h to remove air. After irradiation under visible light from the 300
W Xe lamp (Microsolar300, Perfect Light with a cut filter, λ > 420
nm) for 3 h, 0.5 mL of the released gas was sampled. A gas
chromatograph (TCD with N2 as a carrier gas and 5 Å molecular sieve
column, GC-2014C, SHIMADZU) was employed to test the amount
of H2 generated. The stability of photocatalyst was measured using the
same protocol with a prolonged sampling duration. The apparent
quantum efficiency (AQE) was measured under the same reaction
condition with a band-pass filter (λ = 420 nm) and an irradiation time
of 10 h. The AQE value was calculated according to eq S1, and the
calculation details of H2-generation rate and AQE are listed in the
Supporting Information.

3. RESULTS AND DISCUSSION

Since our preliminary results indicated that CPCN-1 showed
the highest photocatalytic H2-generation performance among
CPCN-X (X = 0.5, 0.75, 1, 1.25, 1.5) due to its proper
crystallinity and dopant concentration (Figures S1 and S7), we
chose CPCN-1 for the subsequent hydrothermal post-treat-
ment to produce CPCN-1* (Supporting Information). Figure
1a reproduces a SEM image of CPCN-1*, which shows a
granular morphology. The powder XRD patterns given in
Figure 1b show two characteristic peaks at 13.01° and 27.41°
attributable to the (100) and (002) lattice plane, respectively,
for all the carbon nitride samples studied.5,40 As can be seen in
the inset of Figure 1b, the (002) peak of CPCN-1 shifted
slightly to a lower degree of 27.23° from 27.41° for CN due to
a small lattice expansion along the c-axis caused by doping with
the relatively large P atoms into the carbon nitride structure.
For CPCN-X samples with an increased amount of phytic acid
(from 0.5 to 1.5 mol %) in the starting materials, the (002)/
(001) peak intensity ratio gradually decreased with increasing X
(Figure S1) in consistence with the P-doping induced lattice
expansion. As noticed in Figure 1b with care, the relative
intensity of the (002) peak to (100) peak for hydrothermally
treated CN* and CPCN-1* is lower than that of their
counterparts (i.e., CN and CPCN-1, respectively), indicating
slight interplanar stacking disorders caused by the hydrothermal
post-treatment. The newly appeared small peak at ∼10.8° for
samples after the hydrothermal post-treatment (i.e., CN*,
CPCN-1*) is associated with the melem-like structure (e.g.,
−NH/NH2) formed during the hydrothermal treatment.41,42

As seen in the inset of Figure 1b, the (002) peak of CPCN-1 at
27.23° shifted back to a higher degree of 27.39° for CPCN-1*
after the hydrothermal post-treatment due, most probably, to
the thermal leaching of P atoms out of the crystalline lattice, as
also confirmed by a concomitant decrease in the P content
from 0.29% in CPCN-1 to 0.14% in CPCN-1* measured by
XPS (vide inf ra).26,35,39 Partical P leaching and framework
decomposition could largely increase the volume of mesopores
(Figure 1d) to facilitate the mass transport of electrolyte.
Fourier transform infrared (FT-IR) spectra were measured to

characterize functional groups in the carbon nitride samples. As
seen in Figure S2, the typical skeletal stretching vibrations of
CN heterocycle appeared over 1200−1650 cm−1.43 The
breathing mode of heptazine rings was also seen at 809 cm−1,
indicating heptazine rings as the building block.44 The broad
adsorption band over 2900 to 3500 cm−1 is arising from the
N−H and N−H2 stretching vibrations.35,37 The adsorption
peak centered at 3430 cm−1 could be attributed to the
stretching vibrations of adsorbed water molecules. As shown in
both SEM (Figure S5) and TEM (Figure S6) images,
hydrothermal treatment reduced the particle size and made
the CN* surface rougher with slightly curled edges, leading to a
more porous structure useful for photocatalysis. To measure
the specific surface area (i.e., Brunauer−Emmett−Teller, BET,
specific surface area) and porosity, we perform the N2
adsorption and desorption measurements. As shown in Figures
1c and 1d, C, P-doping significantly increased the specific
surface area (SSA) from 24.9 m2 g−1 (CN) to 44.8 m2 g−1

(CPCN-1). Hydrothermal post-treatment further reduced the
particle size by partial decomposition of the framework through
losing N and leaching P (Figure S4) and increased the SSA
from 24.9 m2 g−1 for CN to 75.7 m2 g−1 for CN* and from 44.8
m2 g−1 for CPCN-1 to 141.1 m2 g−1 for CPCN-1* (Figure 1c).
The overall more than 3 times increase in the specific surface
area by C, P-doping and hydrothermal post-treatment could
make CPCN-1* and its analogous as efficient (photo)catalysts.
X-ray photoelectron spectroscopy was applied to study the

evolution of chemical bonds and element composition changes
during the materials preparation. Figure S4 shows XPS survey
spectra for all samples, from which we can see the presence of
C and P in CPCN-1 (Figure S3c and Table S1) and the
hydrothermal further increasing C concentration in CPCN-1*,
as the percentage content of C increased from about 42.04% for
CPCN-1 (Figure S3c) to 46.30% for CPCN-1* (Figure S3d)
while P slightly bleached (cf. inset of Figure 1b). The high-

Figure 2. (a) XPS C 1s and (b) N 1s spectra of CN, CN*, CPCN-1, and CPCN-1*. XPS P 2p spectra of CPCN-1 (c) and (d) CPCN-1*.
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resolution C 1s and N 1s spectra of CN, CN*, CPCN-1, and
CPCN-1* are shown in Figure 2. The XPS C 1s spectra for all
four samples consist of a major peak at 287.9 eV corresponding
to the sp2-hybridized C atoms in the form of heptazine (N−
CN), indicating that both doping and hydrothermal post-
treatment did not change the fundamental framework of the
graphitic carbon nitride network, in good agreement with the
XRD and FT-IR results.15 The peak at 284.5 eV was
attributable to C atoms in the CC or C−C.6 The increased
peak intensity at 284.5 eV for CPCN-1 and CPCN-1*
compared to CN and CN*, respectively, indicated, once
again, that C species were inserted into the resultant carbon
nitride framework (Table S2). A new peak centered at 289.0 eV
appeared in CN* and CPCN-1*, attributable to the formation
of C−NH/NH2 heptazine rings during the hydrothermal post-
treatment.45 The weak peak at 285.7 eV was assigned to C−O
moieties due do the introduction of a trace amount of O during
the polycondensation process under stable air atmosphere.46

The XPS N 1s spectra (Figure 2b) were deconvoluted into
398.2, 399.5, 400.8, and 404.4 eV attributable to sp2-hybridized
N in C-containing heptazine rings (C−NC), tertiary N in N-
(C)3 moieties, N in amino groups, and nitrate, respectively.47,48

As shown in Figure 2c, the XPS P 2p spectrum of CPCN-1 can
be deconvoluted into C−P and N−P bonds at 132.5 and 133.4
eV, respectively.30,49 After the hydrothermal treatment, the N−
P peak at 133.4 eV disappeared from the XPS P 2p spectrum of
CPCN-1* shown in Figure 4d due to partial thermal
decomposition of the N−P bonds. These results indicate the
occurrence of C, P codoping of the carbon nitride framework,
along with the slight P bleaching (vide supra).
The doping-induced modulation of electronic structures and

properties could shift the optical adsorption of doped carbon
nitride samples to longer wavelengths to allow for photo-
catalytic hydrogen generation under visible light. Compared to

CN, CN*, and CPCN-1, CPCN-1* showed an adsorption tail
over 450−650 nm (Figure 3a), indicating the importance of
codoping to the band gap (Eg) modulation and hence possible
visible light hydrogen generation. A simple comparison of
CPCN-1* to CPCN-1 indicates that the value of Eg slightly
increased after the hydrothermal treatment (Figure 3b,c),
attributable to a small reduction of the effective conjugation
length caused by the partial thermal decomposition with P
leaching and/or the increasing ratio of substitutional C in
CPCN-1*.49

Apart from a proper Eg, an energy level matching between
the CB of a photocatalyst and the reduction potential of proton
is also an important factor to determine whether or not the
water splitting reaction could occur. By combining the Mott−
Schottky plots (Figure S7) with the Eg values derived from
Tauc plots (Figure 3b), we determined the energy levels of CB
and VB for all the samples studied (Figure 3c).26 From Figure
S7, we could conclude that doping and hydrothermal post-
treatment did not alter the semiconductor type of the samples
as they all displayed the characteristic of an n-type semi-
conductor with a positive slope. From Figure 3c, it can be
clearly seen that the CB energy levels of all the samples are
below −0.39 eV (pH = 6.6 vs NHE), indicating that
photoinduced electrons from all of these samples can overcome
the thermodynamic barrier for reducing H+ to H2 under
appropriate light irradiation.10 As shown in Figure 3c,
hydrothermal post-treatment of CN changed the energy level
of CB, but barely VB. The improved CB level for CN*
indicates it is a stronger reduction photocatalyst than CN.
Although C and P codoping did not change the band gap
(difference between CB and VB) of CN much, the energy
levels of both CB and VB changed significantly (Figure 3c).
The CB position of the CPCN-1 is 0.24 eV lower than that of
CN, indicating that doping CN with C and P could significantly

Figure 3. (a) UV−vis diffuse reflectance spectra (DRS), (b) Tauc plot, (c) electronic band gap structure in 0.2 M Na2SO4 aqueous solutions, and
(d) PL spectra of CN, CN*, CPCN-1, and CPCN-1* with an excitation wavelength of 368 nm.
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enhance the photoreducibility of CN. For CPCN-1*, the
energy level of CB fallen back to −1.303 eV because of partial P
leaching during the hydrothermal post-treatment process, but it
is still more negative than the corresponding value for CN*.35

Compared to CN and CN*, therefore, CPCN-1* still has a
stronger reducibility. Although CPCN-1 has a more negative
CB and lower recombination of the photoinduced electron−
hole pairs with respect to CPCN-1*, the CPCN-1* still has a
higher H2-generation rate (Figure 4a) because of its high
specific surface area and large pore volume, good conductivity,
and short transfer distance of carriers.
Photoluminescence (PL) was used to measure the efficiency

of charge carrier trapping, transfer, and separation.29 Figure 3d
shows the PL emission spectra for CN, CN*, CPCN-1, and
CPCN-1*. Doping CN with C and P can effectively inhabit the
combination of generated charge carries, as evidenced by the
dramatic reduce in intensity of the PL peak after doping. This is
because C, P doping can effectively increase the transport
properties of electrons. First, heteroatom dopants can behave as
trapping sites to avoid the recombination of charge carries.39

Second, increasing concentration of C element would improve
the conductivity of samples (Figure S8). Last, the particle size
were obviously reduced (Figure 3 and Figure S5). After
hydrothermal treatment, the thermally induced partial structure
decomposition could introduce more defects (e.g., −NH/NH2

terminals, C−O species), and these defects could cause
recombination of relatively more photogenerated electrons
and holes with respect to CN, leading to more intense PL
emission.50 As can be also seen in Figure 3d, however, the PL
emission intensity of CPCN-1* is still much lower than that of
CN and CN*, indicating that CPCN-1* has excellent carrier
transfer and separation capabilities attractive for photocatalysis.

Figures 4a and 4b show the photocatalytic activity and
photocurrent responses over five on−off cycles in a three-
electrode system, respectively. As expected, all the samples
show a noticeable current increase upon visible light irradiation
(λ > 420 nm), followed by a quick reverse back to the original
state upon removal of the light source. The almost constant
current intensity observed during different cycles under the
light irradiation (Figure 4b) indicates a stable photocatalytic
performance for all the samples tested. Among them, CPCN-1*
exhibited the highest photocurrent response, which was almost
∼8 times higher than that of CN (Figure 4b). The observed
dramatic enhancement in the photocurrent response for
CPCN-1*, together with its relatively low PL intensity,
confirmed that the combination of C- and P-doping and
hydrothermal treatment has effectively improved the transfer
capability and reduced the charge recombination.
We further investigated the photocatalytic performance of

CN, CN*, CPCN-1, and CPCN-1* for hydrogen generation
from the photocatalytic water splitting by using 1 wt % Pt as
cocatalyst and 20 vol % TEOA as sacrificial reagent. Figure 4a,b
shows a very low hydrogen generation rate (153.9 μmol g−1

h−1) for CN due to its limited optical adsorption, small specific
surface area, poor charge transport, and low photoinduced
reducibility.23 However, the low hydrogen generation rate of
CN could be improved by doping and hydrothermal post-
treatment. As can be seen in Figure S9, the H2 generation rate
of the CPCN-X increased with increasing the molar percentage
of phytic acid in the starting materials to reach the highest rate
for CPCN-1 and then decreased with further increasing in the
C, P content. The H2 generation rates of CN * and CPCN-1
are very close (637.6 μmol g−1 h−1 for CN* and 663.7 μmol g−1

h−1 for CPCN-1). For CN*, the improved photocatalytic
performance with respect to CN is arising from the improved

Figure 4. (a) Comparison of the photocatalytic activities for CN, CN*, CPCN-1, and CPCN-1* for the H2 production using 20 vol % TEOA
aqueous solution as a sacrificial reagent under visible-light irradiation (≥420 nm, 300 W Xe lamp). (b) Transient photocurrent responses of CN,
CN*, CPCN-1, and CPCN-1* electrodes in 0.2 M Na2SO4 + 20 vol % TEOA mixed aqueous solution under visible-light irradiation. (c) Time
course of photocatalytic H2 production from CPCN-1*. The reaction system is purged with N2 (200 sccm) every 3 h for 0.5 h to remove the H2
inside.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b02445
ACS Appl. Mater. Interfaces 2017, 9, 21730−21737

21734

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02445/suppl_file/am7b02445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02445/suppl_file/am7b02445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02445/suppl_file/am7b02445_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b02445


conductivity, increased SSA, and enhanced carrier mobility by
the hydrothermal treatment (Figures 1 and 3, Figure S8). The
specific surface area of CN* is about 3 times that of CN (Figure
1c), while the amount of H2 generated by CN* is about 4 times
that of CN (Figure 4a). Thus, increasing of C ratio would
contribute to the observed improvement in the photocatalytic
performance by improving conductivity. Compared to CN and
CN*, CPCN-1 possesses an improved reductive capability of its
photoinduced electrons (Figure 3c), enlarged adsorption range
(Figures 3a,b), and reduced recombination rate of electron−
hole pairs (Figure 3d) and hence a high photocatalytic
performance (Figures 4a,b). Having the combined advantages
of the C, P codoping and hydrothermal treatment, however, the
CPCN-1* showed the highest H2 generation rate of 1493.3
μmol g−1 h−1 (Figure 4a) because of high specific surface area
and large pore volume, good conductivity, short transfer
distance of carriers, and low recombination rate of carriers.
From Figure 4 and specific parameters of the light source (λ =
420 nm filter, 300 W Xe lamp) that we used, eq S2 gave an
AQE of 2.14% for CPCN-1*, which was compared with that of
other g-C3N4 based photocatalysts in Table S2 (detailed
calculation is shown in the Supporting Information). We
noticed that the value of 2.14% for the CPCN-1* under 420
nm visible light is among the high end of the corresponding
values for all the −C3N4-based photocatalysts.
Figure 4c demonstrates the typical stability of CPCN-1* over

four cycles (more cycles are listed in Figure S11), which shows
that the H2 generation rate of CPCN-1* slowly decreased
during the initial three cycles due to the continued
consumption of TEOA in the photocatalytic system. As
expected, the H2-generation rate recovered to the initial value
(1493.3 μmol g−1 h−1) upon the addition of 5 mL of TEOA
into the system once the third cycle was completed. Figure S12
shows the XRD, SEM, TEM, and deconvoluted XPS data after
the stability test, and no obvious change was observed for
CPCN-1*. Therefore, CPCN-1* possesses a good stability, and
the observed excellent photocatalytic activity and stability could
be attributed to its large specific surface area, fast carrier
transfer, and efficient visible light adsorption resulted from the
synergistic effect of codoping and hydrothermal treatment.
More specifically, the C, P codoping decreased CB to −1.303
eV (more negative than that of CN, −1.163 eV) for an
increased reduceability, reduced the recombination of photo-
induced carriers, and enhanced conductivity, while the
hydrothermal treatment increased the specific surface area
and volume ratio of mesopores to facilitate the mass transfer
process and hence the overall photocatalytic H2 generation on
the CPCN-1*.

4. CONCLUSION
In summary, we have successfully prepared a C, P-codoped g-
C3N4 by assembling melamine with phytic acid into C, P-doped
g-C3N4, followed by hydrothermal treatment to increase the
composition ratio of C. During the hydrothermal treatment, the
specific surface area and pore volume of C, P-doped g-C3N4
were significantly increased and the concentration change of C
and P in the lattice of g-C3N4 further modulated bandgap,
reduced the hole-electron recombination, and increased
conductivity, leading to enhanced photocatalytic properties
for hydrogen generation by photocatalytic water splitting.
Under visible light irradiation (λ ≥ 420 nm), the resultant C, P-
codoped g-C3N4 (i.e., CPCN-1) after the hydrothermal
treatment (i.e., CPCN-1*) showed a H2 generation rate up

to 1493.3 μmol g−1 h−1, which is 9.7 times higher than that of
the bulk pristine g-C3N4. The apparent quantum efficiency
(AQE) of CPCN-1* was calculated to be 2.14% under the
visible light, which was relative high among of all reported
carbon-based metal-free photocatalysts ever at 420 nm.
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