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Carbon  nitride  (g-C3N4) has  attracted  great  attention  for  its wide  applications  in hydrogen  evolution  and
photocatalytic  degradation.  In this  study,  phosphorus  doped  porous  ultrathin  carbon  nitride  nanosheets
(PCN-S)  were  prepared  successfully  via  the  element  doping  and  thermal  exfoliation  method.  The  prepared
PCN-S was  characterized  by XRD,  SEM,  TEM,  N2-adsorption-desorption  measurement,  FT-IR,  XPS,  UV–vis
diffuse reflectance  spectra,  photoluminescence  (PL),  photocurrent  response  (I-t)  and  EIS. The  results  show
that PCN-S  owns  regular  crystal  structure  of  g-C3N4, large  specific  surface  areas  and  nanosheet  structure
with  lots  of  in-plane  pores  on  its surface,  excellent  chemical  stability,  and  broad  light  response  to  the
whole  visible  light  region,  which  was  attributed  to the doping  of phosphorus  element.  Under  visible  light
irradiation,  the photocatalytic  reduction  of  Cr(VI)  over different  samples  indicated  that  the  P  doping  and
porous  nanosheet  structure  play  an  important  role  for the  enhanced  performance  of  PCN-S.  The  reason
was  that  P  element  doping  can  broaden  the  visible  light  response  region,  and large  specific  surface  areas
from  the porous  nanosheet  structure  can provide  quantities  of  active  sites  for the  photocatalytic  reaction.
Then  the  detailed  study  on the  PCN-S  for  simultaneous  photocatalytic  reduction  of Cr(VI)  and  oxidation

of  2,4-diclorophenol  (2,4-DCP)  was  conducted.  The  experiments  results  show  that  low  pH  value  and
enough dissolved  oxygen  were  found  to promote  Cr(VI)  reduction  and  2,4-DCP  oxidation.  The  detailed
photocatalytic  mechanism  was  proposed.  The  strategies  used  in  this  study  could  provide  new  insight
into  the  design  of g-C3N4 based  materials  with  high  photocatalytic  activity,  and  present  potential  for  the
treatment  of  Cr(VI)/2,4-DCP  or  other mixed  pollutants  in wastewater.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In this decade, photocatalytic degradation, as an economic effi-
ient and environmental friendly advanced oxidation processes
AOPs), has been developed rapidly and widely. Various treat-

ent approaches have been employed in the removal of harmful

nvironmental contaminants, such as organic dyes, antibiotics,
eavy metals and phenols [1–11]. Among the heavy metal pollu-
ants, chromium is a common contaminant and widely exists in
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industrial waste discharges, such as textile manufacturing, leather
tanning, paint fabrication, steel fabrication, petroleum refining and
so on [12–14]. Chromium mainly exists as Cr(VI) and Cr(III) in
nature, and the features of these two states are very different.
Cr(VI) has been demonstrated to be a highly toxic and muta-
genic substance to environment and human beings [15]. However,
Cr(III) is not only less harmful but also an essential trace metal in
human daily life [16]. Therefore, the conversion of Cr(VI) to Cr(III)
is usually considered to be an efficient method for wastewater
treatment and environmental remediation. In addition to heavy

metal pollutant, chlorophenols (CPs) also bring great threat to
environment. Chlorophenols are widely used as flame retardants,
biocides and wood treatment agents in synthetic chemistry. The
wide distribution of these pollutants can cause chronic toxicity,
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utagenicity and carcinogencity [17,18]. 2,4-diclorophenol (2,4-
CP), as one of the most abundant chlorophenols, often used as
n important intermediate in the production of the herbicide 2,4-
ichlorophenoxyacetate (2,4-D) [19,20]. Besides, due to the serious
armful effect to environment and humans, 2,4-DCP has been listed
s one of the priority pollutants by the United States EPA and
as attracted great attentions [21]. So it is an urgent need to find
n efficient method for the treatment and removal of 2,4-DCP in
cosystems. So far, lots of researchers have been concentrating
n the photocatalytic reduction of Cr(VI) and oxidation of 2,4-DCP
20,22–24]. For example, Cui and coworkers studied the removal of
r(VI) by 3D TiO2-graphene hydrogel via adsorption enriched with
hotocatalytic reduction, and they also investigated the efficient
emoval of 2,4-DCP by a stable Ag3PO4@PANI core@shell hybrid
25,26]. However, most of the photocatalytic system focused on
he separate reduction of Cr(VI) and degradation of 2,4-DCP. In

ost cases, heavy metals and organic pollutants often co-exist in
ndustrial wastewater and natural aqueous environment, and the

astewater containing both chromium and chlorophenol can easily
e found, such as tannery effluents. Some researchers have studied
he simultaneous Cr(VI) reduction and 4-chlorophenol (4-CP) oxi-
ation using TiO2 based composites [27,28]. But owing to the wide
and gap of the TiO2, the performances and applications are greatly

imited. So it is important to develop more efficient and simultane-
us photocatalytic treatment methods for the treatment of these
ixed pollutants [19,29,30].

During the photocatalytic process, the performance of the pho-
ocatalyst determined the removal efficiency of pollutants, and it
s necessary to design and fabricate stable and efficient photocata-
ysts [31–33]. Recently, graphitic carbon nitride (g-C3N4) has been
apidly developed and widely used in photocatalytic degradation
nd hydrogen evolution. g-C3N4 owns a band gap of 2.7 eV, which
eans the ability for the employment of visible light [34,35]. Com-

ared with other photocatalysts, g-C3N4 has been regarded as an
ttractive metal-free visible-light photocatalyst owing to its unique
haracteristics, such as easy preparation, low cost, nontoxic and
hemical stability [36,37]. Although g-C3N4 exhibits photocatalytic
bility for the degradation of organics in some content, the perfor-
ance of bare g-C3N4 are still far from satisfactory. The reasons can

e summarized as the following three aspects: (i) limited response
n visible-light irradiation; (ii) fast recombination of photogener-
ted electron-holes; (iii) relative low specific surface area [38].

To further improve the performance of g-C3N4, various modifi-
ation strategies have been applied, such as coupling with other
emiconductor materials [39–43], doping with other elements
38,44], exfoliating into two-dimensional nanosheets [45,46], as
ell as structure and surface adjustment [47,48]. Among these
ethods mentioned above, doping with other elements, especially
ith non-metal elements, has been considered as an efficient way.

ecause this strategy plays an important role in extending the light
esponse region, increasing the charge transfer mobility and creat-
ng more active sites [38]. To date, some researchers have reported
hat P-doped g-C3N4 performed enhanced visible-light photocat-
lytic activity. For example, Zhou et al. prepared brand new P-doped
-C3N4 and presented improved photocatalytic for H2 produc-
ion and Rhodamine B degradation under visible light irradiation
49]. Hu and co-authors used (NH4)2HPO4 as the source of phos-
horous to prepare phosphorous modified g-C3N4 and presented
nhanced performance for the degradation of Rhodamine B (RhB)
50]. Although the improved performance of the P-doped g-C3N4
as obtained, the specific surface areas of their prepared g-C3N4
ere still very low. To increase the specific surface area of g-C3N4,
onverting the bulk g-C3N4 into nanosheets has been proved to
e an efficient strategy. This strategy can provide large specific sur-
ace area, abundant active sites, short charge diffusion distance and
nhanced redox abilities of photogenerated electrons and holes.
ironmental 203 (2017) 343–354

However, as for two dimensional g-C3N4 nanosheets, there exists
one inevitable problem. That is the largely increased band gap due
to the strong quantum confinement effects (QCE), which seriously
inhibits their photocatalytic performance and practical application
for solar energy conversion [45,51]. Besides, the strategies used in
these studies just solved one or two  impacts of the demerits that
exist in pristine g-C3N4. Are there methods which can help to solve
the above three problem at the same time? Will g-C3N4 prepared
by the combination of P doping and thermal exfoliation have higher
photocatalytic activity? Moreover, according to other researcher’s
works, the photocatalytic oxidation ability and reduction ability of
g-C3N4 have both been separately demonstrated. Will the simulta-
neous band gap engineering and macropores created in 2D g-C3N4
nanosheets have good performance in synergistic photocatalytic
reduction of Cr(VI) and oxidation of 2,4-DCP?

In this study, the P doping and thermal exfoliation strate-
gies were combined for the synthesis of whole metal-free
phosphorus-doped porous ultrathin g-C3N4 nanosheets (PCN-S).
2-aminoethylphosphonic acid (AEP) was used as the phosphorus
source and for gas production to generate in-plane pores on the
surface of g-C3N4 nanosheets. The prepared PCN-S with broad vis-
ible light response region, limited recombination efficiency of the
photogenerated electron-hole pairs and large specific surface area,
was applied in the simultaneous photocatalytic reduction of Cr(VI)
and oxidation of 2,4-DCP to seek enhanced performance. To obtain
deeper understanding of the synergistic effect between the reduc-
tion of Cr(VI) and oxidation of 2,4-DCP, systematical experiments
have been conducted, including the control experiments performed
to reveal the roles of Cr(VI), 2,4-DCP and g-C3N4 in the oxidation
and reduction process. The effects of initial substrate concentra-
tions, pH, dissolved oxygen and hole scavengers were also studied.
A synergistic reduction-oxidation mechanism was finally proposed
based on the experimental results.

2. Experimental

2.1. Materials

Melamine (>98.0%), 2,4-DCP (>99%) and disodium ethylene-
diamine tetraacetate (EDTA-Na2, AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 2-
aminoethylphosphonic acid (AEP) (>99%) was purchased from
Sigma-Aldrich (USA). All reagents were used as received from com-
mercial suppliers without further purification. Deionized water
(18.25 M� cm specific resistance) generated by an Ulupure (UPR-
II-10T) laboratory water system was  used to prepare all solutions.

2.2. Preparation of photocatalysts

Phosphorus doped porous ultrathin g-C3N4 nanosheets (PCN-
S) were prepared according to the previous publication with
some modifications [38]. In a typical synthesis, first of all, 2-
aminoethylphosphonic acid (AEP) and melamine with a weight
ratio of 1:60 were dissolved thoroughly in deionized water and
heated to 80 ◦C, and kept stirring at 80 ◦C to evaporate the solvent
completely. Then the remaining crystal complex was milled into
powder and placed in a cover quartz container, and subsequently
heated in a cube furnace under N2 ambient from room temperature
to 500 ◦C, and kept at this temperature for 3 h. Next the temper-
ature was  increased to 550 ◦C and continued to heat the sample
for another 5 h. Finally the brown agglomerates were obtained and

grounded into powder. The brown powder was labeled as PCN-
B. To synthesize PCN-S, the thermal exfoliation process should
be experienced. The above-obtained PCN-B was placed into an
open crucible and heated at muffle furnace under static air from
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Fig 1. (a) XRD patterns and (b) the relative enlarged view of (002) peaks for the prepared CN-B, CN-S, PCN-B and PCN-S samples.
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Fig. 2. (a) Low and (b) high resolution of TEM images of PCN-S, and (c)

oom temperature to 500 ◦C, and kept at this temperature for
 h. Then the obtained light-brown product was  labeled as PCN-
. Bulk g-C3N4 (CN-B) was synthesized by the same method for
he synthesis of PCN-B except that only melamine was  placed to
ndergo the thermal polycondensation process. Then the CN-B
as obtained by milling the yellow agglomerates into powder. The

-C3N4 nanosheets (CN-S) were obtained by further thermal exfo-
iating the above-obtained CN-B under the same condition like that
or the preparation of PCN-S.

.3. Characterizations

The crystal structure of the samples was studied by using an

-ray diffractometer (XRD) (Bruker AXS D8 Advances) at a scan

ate (2�)  of 0.05◦ s−1 with Cu K� irradiation source. To char-
cterize the detailed morphology of the samples, field-emission
canning electron microscopy (FE-SEM) (Hitachi S-4800, Japan)
 of PCN-S and the corresponding EDS mapping of C, N and P elements.

with an accelerating voltage of 5 kV and transmission electron
microscopy (TEM) (JEOL JEM-3010) with an accelerating voltage
of 200 kV were used. Atomic force microscopy (AFM, Nanoscope
Mutimode IIIa, Veeco Instruments) measurement was conducted
to evaluate the morphology of the obtained samples with Si-
tip cantilever. FT-IR spectra were carried out on an IRAffinity-1
Fourier transform infrared spectrometer. Chemical compositions
of the CN-B, fresh PCN-S and PCN-S after photocatalytic pro-
cess were analyzed using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher). The specific surface areas of the
samples were characterized via a nitrogen adsorption-desorption
and Brunauer-Emmett-Teller (BET) method by a surface area ana-
lyzer (NOVA 2200e, Quantachrome). The photoluminescenece (PL)
spectra were studied through F-7000 fluorescence spectrometer.

Ultraviolet visible diffused reflectance spectra (UV-vis DRS) were
used to study the optical property of the synthesized samples by a
UV–vis spectrophotometer (Cary 300, USA) equipped with an inte-
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Table 1
BET surface areas and pore volumes of the as-prepared samples.

Samples SBET (m2g−1) Pore volume (cm3g−1)

CN-B 4.4 0.06
CN-S 91.5 0.46
46 Y. Deng et al. / Applied Catalysis 

rating sphere. The total organic carbon (TOC) assays were studied
ia a Shimadzu TOC-VCPH analyzer.

.4. Evaluation of photocatalytic activity

The Cr(VI)/2,4-DCP mixed reaction solution was prepared by
iluting certain volume of Cr(VI) and 2,4-DCP stock solution to
0 mL  with deionized water in a quartz vessel. Unless otherwise
entioned, the concentration of Cr (VI) and 2,4-DCP in the mixed

olution were 20 mg/L and 80 mg/L, respectively. A 300 W Xe lamp
PLS/SXE 300C, Beijing Perfectlight Co., Ltd.) equipped with a UV
ut of filter (� > 400 nm)  was used as the visible light source. Before
rradiation start, 50 mg  photocatalysts was added to the reaction
olution and kept stirred in dark for 1 h to reach the adsorption-
esorption equilibrium. During the photoreaction process, 3 mL  of
liquots were collected and sampled at certain time interval for
ubsequent analysis after centrifugation and filtration to remove
he photocatalyst. The real time concentrations of Cr(VI) was  deter-

ined colorimetrically using the diphenylcarbazide method at
40 nm with a UV-2550 UV–vis spectrophotometer according to
ur previous studies [52,53]. The concentration of 2,4-DCP was
etermined by HPLC (Agilent 1100). Before determination, the sam-
les were filtered by 0.45 �m membrane, and then the filtrates
ere performed using HPLC with the UV detector at 280 nm.  The
PLC was equipped with a Kromasil C18 column (250 × 4.6 mm)
nd worked at 25 ◦C. The mobile phase was 70:30 (v/v) acetonitrile
CH3CN) and ultrapure water, and the flow rate was  1 mL  min−1.
he compounds were identified by comparing retention times
ith standard samples and then quantified with calibration curve
ethod [54].

To study the stability and regeneration ability of the prepared
amples, cycling experiments were conducted. In cycling exper-
ments, the photocatalysts was collected by centrifugation and

ashed thoroughly with ethanol and deionized in order to com-
letely remove the residual materials. Subsequently, the recycled
amples were added into fresh Cr (VI) and 2,4-DCP mixed aqueous
olution (K2Cr2O7: 20 mg/L, 2,4-DCP: 80 mg/L) to conduct another
hotocatalytic process.

.5. Photoelectrochemical measurement

Photoelectrochemcial tests were carried out on a CHI 660D
orkstation in a three-electrode model, utilizing a Pt electrode as

he counter electrode and an Ag/AgCl electrode as the reference
lectrode. Typically, the working electrodes were prepared as fol-
ows: 10 mg  of the photocatalyst was suspended in 1 mL  0.5% Nafion
olution to make slurry. Then, 100 �L of the slurry dropped onto

 1 cm × 2 cm FTO slice with an effective working area of 1 cm2.
 300 W Xe arc lamp served as a light source. The electrochem-

cal impedance spectroscopy (EIS) was performed in 0.2 Na2SO4
queous solution based on the above three-electrode system.

. Results and discussion

.1. Crystal structure and morphology

The crystal structure properties of the prepared samples were
valuated by the X-ray diffraction (XRD) patterns. As shown in
ig. 1a, all the diffractograms present two main peaks of (002)
nd (100). The former one around 27◦ presents typical interlayer-
tacking peal, and the latter one is around 13◦ indicating the
n-plane structural motif or the heptazine units [45,55,56]. The two

eaks are consistent with those of bulk g-C3N4 (JCPDS 50-1250). It
hould be noted that the PCN-S shows similar XRD patterns to CN-
, indicating that the original crystal structure of g-C3N4 is largely
etained after the doping of the P element and the post thermal
PCN-B 13.7 0.07
PCN-S 102.5 0.53

exfoliation process. To evaluate the crystal structure changes of the
prepared samples, it is necessary to further analyze the (002) peaks
of XRD pattern. It is well-known that the diffraction peak (002) is
a typical feature representing the interlayer stacking reflection of
conjugated aromatic system. Just as shown in Fig. 1b, for CN-B, the
peak center of (002) located at 27.5◦, but for PCN-B, the peak center
of (002) shift to 27.4◦, which means that the interlayer distance is
increased after the doing of P element, because of the larger radius
of the doped P atom than that of the replaced C atom [57]. How-
ever, thermal exfoliation of CN-B leads to the shift of (002) peak
from 27.5◦ to 27.7◦ for CN-S, and also leads to the shift of (002) peak
from 27.4◦ to 27.8◦ for PCN-S, which could be due to the decrease
of the interlayer distance after thermal heat treatment. This phe-
nomenon could be attributed to the surface flattening process of the
undulated single layers in PCN-B during the heat treatment, leading
to the denser packing of layers in PCN-S, indicating the success-
ful exfoliation of the layered PCN-B [58,59]. Therefore, the analysis
mentioned above implies the successful doping of P element and
the thermal exfoliation of bulk PCN-B to PCN-S.

The morphology of the prepared samples was investigated by
SEM and the images were shown in Fig. S1. As seen clearly in
Fig. S1a, CN-B forms solid agglomerates with a size of several
micrometers. Different from CN-B, the CN-S appears as loose and
nanosheets-liked soft agglomerates (Fig. S1b). As for PCN-B and
PCN-S (Fig. S1c and S1d), the morphologies and changes are simi-
lar to those of CN-B and CN-S, respectively. AFM measurement was
also conducted to demonstrate the nanosheet structure of the pre-
pared samples (Fig. S2). The cross-sectional AFM image shows that
the average thickness of PCN-S is about 3.32 nm,  which could serve
as a strong evidence for the existence of the nanosheet structure
for the prepared PCN-S sample. To further investigate the detailed
morphology of the prepared PCN-S, low and high-resolution TEM
images of the prepared PCN-S were shown in Fig. 2a and b. It
can be seen that the PCN-S presents nanosheet structure, which
is already confirmed by the SEM images. Besides, the surface of the
nanosheets is not smooth and there exist randomly distributed in-
plane mesopores of several to tens of nanometers on the carbon
nitride nanosheets. These well-defined and open-up surface pores
existing on the PCN-S can provide quantities of active sites and
improve mass transportation and photogenerated charge separa-
tion rate in nanodomains, which can further utilize the advantages
of the �-conjugated system for photocatalytic employments. The
EDS data of PCN-S shown in Fig. S3 confirmed the existence of C, N,
and P element in the prepared PCN-S. To gain further intuitive char-
acterization of the uniform distribution of the element, the energy
dispersive X-ray spectroscopy (EDS) element mapping images of
the prepared PCN-S was also provided(Fig. 2c). It can be seen that
the elements of C, N, P are distributed uniformly throughout the
whole structure of PCN-S at the nanoscale.

Nitrogen adsorption-desorption isotherms of all the samples
were measured to further study the morphology and pore distri-
bution. As shown in Fig. S4, the isotherms of all samples exhibit
a classical type IV, indicating the presence of mesopores. Owing to
the emission of ammonia gas during the thermal condensation pro-

cess, some pores would be produced on the surface of PCN-S, which
is in good agreement with TEM analysis. The BET surface areas and
pore volume of the as-prepared samples were collected in Table 1.
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Fig. 3. FTIR spectra of CN-B, CN-S, PCN-B and PCN-S.

e can see that the specific surface area calculated from the linear
art of the multipoint plot of PCN-S is 102.5 m2/g−1, which is larger
han that of CN-S (91.5 m2/g−1), and much larger than those of CN-

 (4.4 m2/g−1) and PCN-B (13.7 m2/g−1), further demonstrating the
ltrathin structure of PCN-S. It is well known that the large surface
rea means that more active species and reactants can be absorbed
n its surface. These data are consistent with the morphologies of
he samples, which highlights the important role of the combina-
ion of element doping and thermal exfoliation method in creating
uch a distinctive texture of PCN-S. The results mentioned above
urther demonstrate the successful preparation of PCN-S which
ossesses nanosheet structure with in-plane pores on the surface.

.2. Chemical group and chemical states

The FT-IR analysis of all the samples was performed to reveal
he structure variation after the doping of P element and the ther-

al  treatment. As depicted in Fig. 3, with respect to g-C3N4, a
eries of peaks in the region of 1200–1600 cm−1 can be related
o the typical stretching modes of CN heterocycles, wherein the
eak located at 810 cm−1 is assigned to the bending vibration
f heptazine rings, indicating the major structure of g-C3N4 was
etained after the doing of P element and the further thermal
ondensation process. The retained g-C3N4 structure of PCN-S is
ssential for �-delocalized electronic systems to generate and
ransfer photogenerated charges for the redox reaction process in
he photocatalytic system. The broad absorption band located at
round 3000–3300 cm−1 can be attributed to the stretching vibra-
ion of N H or O H bond, originated from the uncondensed amino
roups [45,55,56]. It should be noted that due to the relatively low
oncentration of P element and the overlap effect of these strong

 N vibrations, the vibration band referring to P-related functional
roups can hardly be observed.

X-ray photoelectron spectra (XPS) were also conducted to study
he chemical compositions of the obtained materials, and the
esults were shown in Fig. 4. It can be found the g-C3N4 is mainly
omposed of C, N and O elements, and P element cannot be observed
n the survey spectrum due to the relative low concentration. The C
s spectrum of g-C3N4 can be divided into two main peaks located
t 284.54 eV and 287.84 eV, respectively. The peak at 284.54 eV can
e attributed to the C C C bonds. The main peak with a binding

nergy of 287.84 eV can be identified as a sp2-hybridized carbon
n an N-containing aromatic ring (N C N). There is an extra peak
ocated at 286.03 eV in the C 1s spectrum, which is attributed to
he C-N. As for N 1s spectrum, it can be separated into three peaks
ironmental 203 (2017) 343–354 347

with the binding energy at 398.29 eV, 400.20 eV, and 404.04 eV,
respectively. The major peak located at 398.29 eV is assigned to
sp2-hybridized nitrogen in C-containing triazine rings (C N C).
The peak at 400.20 eV indicates the tertiary nitrogen (N–(C)3), and
the peak at 404.04 eV is attributed to charging effects of positive
charge location. [59] The XPS analysis of C 1s and N 1s further con-
firms the existence of triazine heterocyclic ring structure in the
P-doped g-C3N4. As for P 2p spectrum, in CN-B spectrum, there is
no P 2p peak, indicating a negligible content of P element. How-
ever, in PCN-S, the P 2p signal can be separated into three peaks
located at about 133.04 eV, 133.79 eV and 134.95 eV, respectively.
The peaks at 133.04 eV and 133.79 eV are contributed to the P-N
species, which indicates the replacement of C atoms by the P atoms
in the C-N framework of g-C3N4 during the doping of P elements
process. Besides, it is reported that the energy of P-N is lower than
that of P = N. So, the peaks at 133.04 and 133.79 eV refer to the P-N
and P = N bonds, respectively. In addition, the peak at 134.95 eV can
be attributed to the P = O bond, which was produced owing to the
reaction between P element and O2 during the thermal condensa-
tion process in air at high temperature [38,47]. The XPS analysis is
also a proof to confirm the successful doping of P element in the
PCN-S. And meanwhile, to more clearly investigate and compare
the changes of the PCN-S after the photocatalytic reaction, the XPS
spectra of the used PCN-S photocatalyst was also provided. It is
clear to see that the main peaks of the used PCN-S were kept simi-
lar to fresh PCN-S, and no obvious changes can be observed about
the C 1s, N 1s and P 2p spectrum, which means the high stability of
the prepared PCN-S.

3.3. Optical properties and electronic band structure

The optical properties of the prepared samples were studied by
the UV–vis diffuse reflectance spectra, and the results were shown
in Fig. 5a. It is clear to see that the absorption edge of CN-B is
limited under 450 nm,  but after the doping of P element, the adsorp-
tion edge of PCN-B is broaden to the whole visible-light region
(400 nm < � < 800 nm), which accounts for 53% of the whole solar
spectrum. And it should be noticed that the thermal condensation
process narrows the absorption edge of the samples in some extent,
indicating the change of the band gap of the prepared samples, so
the band gap of all the samples were acquired by the Kubelk-Munk
method:

(˛hv)n = A(hv − Eg), (1)

where � is the absorption coefficient, hv is the light energy, A is a
constant, Eg is the optical band gap energy and n is equal to 2 for g-
C3N4 based materials [38,60]. The obtained results were shown in
Fig. 5b and 5c. In fact, the band gap of the prepared samples experi-
enced different changes during the P element doping and thermal
exfoliation process. After the doping of P element, the band gap of
CN-B is narrowed from 2.74 eV to 2.69 eV for PCN-B. However, the
subsequent thermal exfoliation enlarges the band of PCN-B from
2.69 eV to 2.92 eV for PCN-S, owing to the aroused effect of QCE
due to the formation of the ultrathin nanosheet structure [55,61].
Moreover, according to the common equations, the valence band
(EVB) and conduction band (ECB) edge position of the as-prepared
samples were obtained and shown in Table 2 [41,62].

ECB = X − EC − 1/2Eg (2)

EVB = ECB + Eg (3)

where EC is the energy of free electrons on the hydrogen scale

(about 4.5 eV), X is the electronegativity of the semiconductor, and
the values of the X for g-C3N4 is 4.72 eV. According to the data
shown in Table 2, the ECB of PCN-S is −1.24 eV, which is more nega-
tive than that of the CN-B, CN-S and PCN-B, and the EVB of the PCN-S



348 Y. Deng et al. / Applied Catalysis B: Environmental 203 (2017) 343–354

Fig. 4. The XPS spectra of (a) CN-B, (b) PCN-S (b) and (c) PCN-S photocatalyst after photocatalytic reaction.
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ig. 5. (a) UV–vis diffuse reflectance spectra of CN-B, CN-S, PCN-B and PCN-S, (b) th
s 1.68 eV, which is more positive than that of the other three sam-
les. The result means that the prepared PCN-S presents enhanced
edox ability.
d gap energy of CN-B and CN-S, and (c) band gap energy of PCN-B and PCN-S.
In addition, previous studies have presented that the pre-
pared g-C3N4 nanosheets by the exfoliation of bulk g-C3N4 can
bring enhanced photocatalytic performance, but the consequent
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Table  2
Band gap (Eg), relative conduction band (ECB) and valence band (EVB) of the as-
prepared samples.

Samples Eg (eV) ECB EVB

CN-B 2.74 −1.15 1.59
CN-S 2.82 −1.19 1.63
PCN-B 2.69 −1.13 1.56
PCN-S 2.92 −1.24 1.68
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Fig. 7. (a) Photocurrent response and (b) EIS Nyquist plots of the prepared samples.
Fig. 6. Photoluminescence spectra of the prepared samples.

ncreased band gap severely limits the photocatalytic performance
f the prepared g-C3N4 nanosheets. However, different from pre-
ious reports, the prepared PCN-S in this study presents a very
trong tail absorption (Urbach tail) in the visible-light region. In
ost cases, the appearance of Urbach tail means the existence of
id-gap states [38,63]. Thus, the existed empty mid-gap states can

dapt the photogenerated electrons generated from the valence
and (VB) of PCN-S, which can promote the adsorption of the pho-
ons smaller than the band gap, leading to the existence of the
rbach tail. Thus it can be seen that after the doping of P element,
oth PCN-B and PCN-S produce Urbach tail in their UV–vis diffuse
eflectance spectra, but no Urbach tail can be observed for the CN-

 and CN-B, indicating that the appearance of mid-gap states is
ttributed to the P doping, instead of thermal exfoliation process.

.4. Photogenerated electron-holes separation and transport

To study the generation and separation of the photogenerated
lectron-holes pairs of the prepared samples, the photolumines-
ence (PL) emission spectroscopy was provided. As shown in Fig. 6,
he CN-B shows the highest PL peak intensity, which means the
igh recombination efficiency between the photogenerated elec-
rons and holes. However, after the P doping, the formed PCN-B
resents a much lower PL peak intensity than CN-B, indicating the

nhibited photogenerated charge recombination efficiency, owing
o the increased charge diffusion rate and charge mobility of PCN-B.
dditionally, the lower charge recombination efficiency of PCN-B

han CN-B also demonstrated that the existing of P element doesn’t
ct as a recombination center for the photogenerated electrons and
oles. On the other hand, CN-S also shows lower PL peak inten-
ity than that of CN-B, indicating that the formation of ultrathin

anosheets can increase the photogenerated electron-holes sep-
ration efficiency. In addition, the enlarged band gap due to the
trong QCE can also promote the transportation and separation
f the photogenerated charges. The most important thing to be
noticed is that the PCN-S presents the smallest PL peak intensity,
implying lowest photogenerated charges recombination efficiency.
This result confirmed that the thermal exfoliation process does not
destroy the electronic structure of the P-doped aromatic system,
which can strictly inhibit the charge separation and transportation.
In fact, the combination of the P doping and thermal exfoliation
process for the formation of PCN-S can merge the advantages, thus
presenting a low recombination efficiency of the photogenerated
electron-holes and high photocatalytic activity.

The transient photocurrent measurement is an efficient way for
the comprehensive study of the photo-response ability and photo-
generated charges recombination efficiency of the photocatalyst.
As shown in Fig. 7a, it is clear to see that all the electrodes present
rapid and stable photocurrent response, and the photorespon-
sive phenomenon is entirely reversible upon each light irradiation.
However, different samples present different light response ability.
Among all the samples, the PCN-S present the highest photocurrent
density, and much higher than that of CN-B, CN-S and PCN-
B, implying the higher light harvesting and low photogenerated
charges recombination efficiency. EIS is an efficient electrochemical
method to explain the electron-transfer efficiency at the electrodes
[47]. Fig. 7b discloses the semicircular Nyquist plots for all the
samples, and CN-B shows the biggest diameter, implying the poor
electrical conductivity inhibiting the electron transfer from car-

bon nitride to the back-contact electrode. In comparison, PCN-S
presents the smallest diameter, indicating the lowest charge trans-
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er impedance, owing to the doping of P element and the formation
f porous nanosheet structure.

.5. Effect of P element doping and thermal exfoliation for the
hotocatalytic activity

The photocatalytic activity of the prepared samples was  first
valuated by the photocatalytic reduction of Cr(VI), and the results
as shown in Fig. S5a. It is clear to see that CN-S presented higher

erformance than that of CN-B, which indicated that thermal exfo-
iation process can increase the specific surface area greatly, so the
eaction sites could increase, and the transfer length of the photo-
enerated charges would decrease due to the production of g-C3N4
anosheets. And meanwhile, we can see that the PCN-B also exhib-

ted a higher photocatalytic activity than that of CN-B, and equal
o that of CN-S, which indicated the P doping can increase the
tilization efficiency of visible light and promote the photogener-
ted electron-hole transportation efficiency. Obviously, among all
he prepared samples, PCN-S exhibits the highest activity of Cr(VI)
eduction under visible light illumination. Meanwhile, the adsorp-
ion abilities of the prepared samples towards Cr(VI) were also
nvestigated to estimate their effect for the photocatalytic perfor-

ance. As shown in Fig. S5b, it can be seen that PCN-S presents the
ighest adsorption capacity than the other three samples, and their
dsorption abilities follow the order: PCN-S > CN-S > PCN-B > CN-B.
t should be noted that though the adsorption capacity of CN-S

as higher than PCN-B, their photocatalytic ability for Cr(VI) was
early equal. The results indicated that combination of P doping and
hermal exfoliation can greatly promote the photocatalytic perfor-

ance of g-C3N4, and the final performance was  the synergistic
ffect of the adsorption ability and photocatalytic ability, so PCN-S
as chosen as the photocatalysts in the following experiments.

.6. Synergistic photocatalysis of Cr(VI) reduction and 2,4-DCP
egradation over PCN-S

The feasibility of the simultaneous photocatalysis of the Cr(VI)
eduction and the 2,4-DCP oxidation over PCN-S was  firstly con-
ucted in a mixed solution that containing Cr(VI) and 2,4-DCP.
s shown in Fig. 8a and b, 20 mg/L Cr(VI) was nearly completely

educed over PCN-S after 120 min  under visible light irradiation.
nd meanwhile, in the mixed reaction system, 80 mg/L 2,4-DCP
as also degraded after 120 min  irradiation. The result indicated

hat the simultaneous photocatalysis reduction of Cr(VI) and oxi-
ation of 2,4-DCP were achieved successfully. In addition, some
ontrol experiments were conducted to analyze the role of each
ubstrate in this reaction system. Just as shown in Fig. 8a, in the
bsence of PCN-S, the reduction efficiency of Cr(VI) in a mixed
r(VI)/2,4-DCP under visible light irradiation is very low and nearly
an be neglected. And the photocatalytic activity of PCN-S in a
ingle Cr(VI) solution was also relatively low. Some researchers
lso reported the similar low reaction efficiency between Cr(VI)
nd chlorophenol under visible light irradiation [64,65]. It is well
nown that PCN-S can produce photogenerated electrons and holes
nder visible light irradiation, then the photogenerated electrons
an migrate and work with Cr(VI) for it reduction process. However,
hough the photo-response ability and specific surface area of the
repared PCN-S is promoted when compared with pristine bulk g-
3N4, it is still difficult to achieve very high separation efficiency of
hotogenerated electron-holes and then work for the reduction of
r(VI) in the absence of electron donor, 2,4-DCP. As for 2,4-DCP,
nly approximately 10% decrease was achieved within 120 min
n the 2,4-DCP/Cr(VI) mixed system, which is similar to the low
eduction efficiency of Cr(VI) in Fig. 8a. Once the PCN-S was added
nto the single solution of 2,4-DCP, its photocatalytic degradation
ncreased greatly, but it still cost 120 min  to complete removal of
Fig. 8. The synergistic effect of Cr(VI) reduction and 2,4-DCP degradation over PCN-S
under visible light irradiation: (a) Cr(VI) reduction and (b) 2,4-DCP degradation.

2,4-DCP. However, in the 2,4-DCP/Cr(VI)/PCN-S system, 2,4-DCP
can be removed completely within 80 min. Under the same reac-
tion condition, the total organic carbon (TOC) removal efficiency of
2,4-DCP in the reaction system was  also investigated. [66–68]. As
shown in Fig. S6, after two hours’ visible light irradiation, 70.32%
of the TOC was  removed, which means that this synergistic reac-
tion system not only presents high photodegradation efficiency of
2,4-DCP, but also shows relative high mineralization ability. These
results demonstrated the existence of synergistic effect during the
photocatalytic reduction of Cr(VI) and oxidation of 2,4-DCP.

3.7. Effects of substrate concentrations and the pH value

According to the results mentioned above, 2,4-DCP and Cr(VI)
improved each other’s removal efficiency in the PCN-S photocat-
alytic reaction system. So, various Cr(VI)/2,4-DCP mixed solution
were applied to study the effect of the initial concentration of 2,4-
DCP and Cr(VI). Fig. 9a shows that low concentration (10 mg/L) of
2,4-DCP cannot efficiently consume the holes, so the photocatalytic
reduction efficiency of Cr(VI) was still low. Then with the concen-
tration of 2,4-DCP increase, the photocatalytic reduction of Cr(VI)

was also increased, and the reduction of Cr(VI) reached the max-
imum when the concentration of 2,4-DCP is 80 mg/L. After that,
further increasing the concentration of 2,4-DCP to 100 mg/L, its
photocatalytic activity decreased. Fig. 9b shows that 2,4-DCP degra-
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reaction and suppress the reduction activity. As for the reaction
ig. 9. The effects of (a) 2,4-DCP initial concentration on Cr(VI) (20 mg/L) reduction
nd (b) initial concentration on 2,4-DCP (80 mg/L) degradation.

ation rates increased along with the initial concentration of Cr(VI)
ncreasing from 0 to 40 mg/L. And meanwhile, no obvious increase
f 2,4-DCP degradation rate happened with further increasing the
oncentration of Cr(VI) to 60 mg/L. This phenomenon was  caused
y the fact that the active sites of the photocatalyst (PCN-S) were

imited, when all the active sites were occupied and extra reactants
ould not work on the PCN-S surface, so the photocatalytic activity
ould not improve anymore. Thus taking the realistic application

nto account, 20 mg/L Cr(VI) and 80 mg/L 2,4-DCP were used in the
ollowing experiments.

Besides, to study the influence of pH value on the Cr(VI) reduc-
ion and 2,4-DCP oxidation, a series of experiments under different
H values were conducted, and the results are shown in Fig. 10.
bviously, both Cr(VI) reduction and 2,4-DCP oxidation rates expe-

ience a rapid increase by the decreasing of the pH values, especially
or the Cr(VI) reduction. However, under alkaline condition, the
r(VI) reduction and the 2,4-DCP oxidation were very low. The rea-
ons for the sensitivity of the Cr(VI) reduction over different pH
alues of the reaction solution can be explained as follows: (1) at
ow pH, HCrO4

− or Cr2O7
2− was the major Cr(VI) species, and the

hotocatalytic Cr(VI) reduction happens according to Eq. (4); (2)
or alkaline medium, CrO4

2− was the predominant specie, and the

eaction process can be described by Eq.(5). The increasing reduc-
ion rate of Cr(VI) along with the increasing acidity can be explained
wing to the higher sensitivity of HCrO4

− or Cr2O7
2− than CrO4

2−
Fig. 10. (a) Cr(VI) reduction and (b) 2,4-DCP degradation at different pH condition
in  the 2,4-DCP/Cr(VI)/PCN-S reaction systems.

to experience the reduction process. But in the neutral and alkaline
conditions, Cr(III) tend to precipitate on the surface of PCN-S for the
formation of Cr(OH)3, inhibiting the photocatalytic activity of the
photocatalyst.

Cr2O7
2− + 14H+ + 6e−2Cr3+ + 7H2O (4)

CrO4
2− + 4H2O + 3e−Cr(OH)3 + 5OH− (5)

To further demonstrate the existence of Cr(III) or the Cr(OH)3 on
the surface of PCN-S, the XPS analysis of Cr 2p for the used PCN-S
under neutral condition was provided (Fig. S7). The peaks located at
577.44 eV and 587.69 eV can be attributed to the Cr(III) and Cr(VI),
respectively. The introduction of Cr(III) on the surface of the used
PCN-S under neutral condition means the formation of Cr(OH)3,
due to the fact that the Cr(OH)3 appeared at the pH value of 4, and
when the pH value reached 6.8, nearly all of the Cr(III) existed as
the form of Cr(OH)3 precipitation.

3.8. Effects of N2 or air ambient and different sacrificial agents

The oxygen dissolved in the reaction solution can help the gen-
eration of numerous oxidizing species, and improve the oxidation
under N2 ambient condition, before the experiments was  began, the
reaction solution was purged by high purity N2 (> 99.999%) for 1 h to
remove the dissolved O2 as much as possible, and kept purging N2
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ig. 11. (a) Cr(VI) reduction and (b) 2,4-DCP degradation with different scavengers
nd different ambient conditions under visible light irradiation in the Cr(VI)/2,4-DCP
eaction system.

hrough the photocatalytic process. As shown in Fig. 11, both of the
r(VI) reduction and 2,4-DCP oxidation rates in the mixed reaction
ystem were higher in air ambient than those in N2 ambient. The
esults demonstrated that O2 played an important role in the pho-
ocatalytic reaction process. Under the condition of inflation, the
issolved O2 can react directly with the photogenerated electrons
o produce superoxide radical •O2

−/•OOH [65,69]. Superoxide radi-
al can be further reduced to H2O2 or disproportioned to •OH, these
roducts are important for the degradation of organic pollutants in
he photocatalytic reaction system. Besides, it has been reported
hat •O2

− can reduce Cr(VI) to Cr(V). So in this study, •O2
− may

lso tend to reduce Cr(VI) to its reduced products during the pho-
ocatalytic reaction process. Therefore, the rates of Cr(VI) reduction
nd 2,4-DCP oxidation are higher in air atmosphere than that in N2
mbient.

Furthermore, we also studied the effects of the addition of EDTA-
a2 on the photocatalytic reduction of Cr(VI) and oxidation of
,4-DCP in Cr(VI)/2,4-DCP mixed solution. As shown in Fig. 11a, the
hotocatalytic activity of Cr(VI) of reduction obviously increases
ith the addition of 1 mM EDTA-Na2. Since EDTA-Na2 can serve

s hole scavenger, which can promote the separation of photo-
enerated electron-holes and exhibits the promoting effect for the

eduction of Cr(VI). Besides, when the reaction process was  con-
ucted under the N2 atmosphere, the Cr(VI) reduction activity
ith EDTA-Na2 experienced a slight decrease, attributing to the

ecreased electron transportation of the O2/•O2
− mediated reduc-
ironmental 203 (2017) 343–354

tion in the absence of dissolved oxygen. The results indicated that
an efficient consumption of photogenerated holes can improve
the photocatalytic reduction of Cr(VI) process. Fig. 11b shows the
results of the photocatalytic activity of 2,4-DCP with the addition
of EDTA-Na2. It is clear to see that when EDTA-Na2 was added
into the mixed reaction system, the 2,4-DCP degradation efficiency
decrease. This results can be explained as that EDTA-Na2 also acts as
hole scavenger, which will consume the oxidize species and com-
pete with 2,4-DCP, and clearly implies that the 2,4-DCP degradation
mainly depended on the photogenerated holes. And meanwhile, it
also can be found that the photocatalytic efficiency for the degra-
dation of 2,4-DCP in air is higher than that in N2 ambient, due
to the fact that the dissolved oxygen promotes the active oxida-
tion of 2,4-DCP. But the effect of the dissolved oxygen was not so
obvious in the presence of EDTA–Na2, probably because the pho-
tocatalytic reaction rate was determined by the separation rate of
the photogenerated electron-hole pairs in some extent, while the
existence of EDTA-Na2 could greatly consume the photogenerated
holes, and promote the separation efficiency of the photogener-
ated electrons and holes. So the effect of dissolved oxygen in this
reaction system was  relatively weakened. In short, the synergistic
photocatalytic reduction of Cr(VI) and oxidation of 2,4-DCP could
rapidly consume photogenerated electrons-holes and generated
active oxidation radicals in the mixed reaction solution, proving
the enhanced photocatalytic activity of PCN-S.

3.9. Possible photocatalytic mechanism

Based on the experiment results, we  proposed a probable mech-
anism for the photocatalytic reduction of Cr(VI) and oxidation of
2,4-DCP over PCN-S. PCN-S possesses porous ultrathin nanosheet
structure, which means higher specific surface area and numerous
active sites for the reaction process. The doping of P can broaden
the visible light response region of the photocatalyst, which can
promote the solar energy utilization efficiency. In this photocat-
alytic reaction system, Cr(VI) acts as an electron acceptor, which
can react with the photogenerated CB electrons; and meanwhile,
2,4-DCP serves as an electron donor, which can react with the pho-
toexcited holes. These two processes can promote the separation
rate of photogenerated electron-holes, which results in much more
CB electrons for Cr(VI) reduction and VB holes for 2,4-DCP oxi-
dation. Under visible light irradiation, the PCN-S could generate
electrons and holes. Subsequently, the photogenerated electrons in
the conductor band of PCN-S could react with the dissolved oxygen
to produce •O2

− and migrate to Cr(VI) to form its reduced state of
chromium. Meanwhile, the photogenerated holes left behind in the
valence band of PCN-S could react with H2O to produce •OH.  Then
the reaction between •OH and H+ could generate H2O2. Besides,
•O2

− not only works to 2,4-DCP, but also plays positive effect for the
reduction of Cr(VI) via two-step •O2

− mediated indirect reduction.
However, due to the strong oxidation ability of H2O2, its existence
would inevitably oxidize the reduced chromium back to Cr(VI). In
addition, 2,4-DCP could be oxidized by the photogenerated holes
and the produced oxidized species, such as •OH, •O2

− and H2O2.
According to the analysis mentioned above, the generation of the
photogenerated electron-holes, radicals and reaction process can
be list as following equations:

PCN-S + hv → PCN-S(h+ + e−) (6)

(7) O2 + e− → •O2
−

(8)•O2
− + H+ → •OOH
2•O2
− + 2H+ → O2 + H2O2 (9)

•O2
− + e− + 2H+ → H2O2 (10)
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Fig. 12. A schematic illustration of simultaneous reduction of Cr(VI) and
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ig. 13. The reusability of the PCN-S for the reduction of Cr(VI) and degradation of
,4-DCP in the Cr(VI)/2,4-DCP reaction system.

2O2 + e− → •OH + OH− (11)

+ + 2, 4-DCP → degradationproduction (11)

O2
−/H2O2/•OH + 2, 4-DCP → degradationproduct (13)

The overall reaction mechanism and process of Cr(VI) reduction
nd 2,4-DCP oxidation over PCN-S under visible light irradiation
ere shown in Fig. 12.

.10. Repeatability and stability of photocatalysts

Considering the actual application of photocatalyst, the repeata-
ility and stability of the photocatalyst are very important. So the
hotocatalytic repeatability of the PCN-S was studied by recycling
xperiment, and the results were shown in Fig. 13. It can be seen
hat even after 5 photocatalytic cycles, the photocatalytic efficiency
or the Cr(VI) and 2,4-DCP oxidation can reach 75% and 90%, respec-

ively, and no significant loss of the photocatalytic activity can
e observed in cycling experiment. To further demonstrate the
tability of the PCN-S, the XRD and FTIR of the fresh and used pho-
ocatalyst have been provided for comparison (Fig. S8a and S8b).
 degradation of 2,4-DCP over PCN-S under visible light irradiation.

The results reveal that no significant changes happened in the
crystal structure and surface chemical compositions of the pho-
tocatalyst after the photocatalytic reaction process. These results
coupled with the XPS analysis in Fig. 4 indicated that PCN-S catalyst
presents excellent recycling ability in the simultaneous photocat-
alytic reduction of Cr(VI) and oxidation of 2,4-DCP.

4. Conclusion

Phosphorus doped pores ultrathin g-C3N4 nanosheets (PCN-
S) were successful synthesized via the combination of P doping
and thermal exfoliation process. The prepared PCN-S owns porous
structure, high specific surface areas and broadened visible light
response region, and presents higher photocatalytic activity than as
prepared CN-B, CN-S and PCN-B in the single Cr(VI) solution. In the
mixed Cr(VI)/2,4-DCP reaction solution, PCN-S presents enhance
photocatalytic activity for simultaneous photocatalytic reduction
of Cr(VI) and oxidation of 2,4-DCP. Various reaction conditions
were investigated to optimize the synergistic effect and study the
detailed reaction mechanism. The results indicated that the initial
concentrations of the Cr(VI) and 2,4-DCP will influence the pho-
tocatalytic degradation efficiency in a certain concentration range.
Besides, we  found that acidic environment and the existence of oxy-
gen could promote the reduction of Cr(VI) and 2,4-DCP oxidation.
Cycling experiments revealed that the prepared PCN-S presents
high repeatability and stability. The detailed reaction mechanism
over PCN-S for the photocatalytic reduction of Cr(VI) and oxidation
of 2,4-DCP was  proposed. It is expected that our study can pro-
vide new insight into the strategies for the design and utilization of
efficient non-metal photocatalyst for environmental employment.
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