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ABSTRACT

Graphitic carbon nitride (g-C3N4) as a metal-free polymer semiconductor has
received extensive attentions, but its application was drastically suppressed due
to low photocatalytic activity. Herein, non-metal heteroatom co-doping is
employed to extend the visible light absorption, and regulating morphology into
nanosheets promotes the charge separation and transfer. Elements of P/S were
successfully introduced into the carbon nitride framework by thermal conden-
sation of their corresponding precursors with melamine. And, the presence of
NH,C1 would produce abundant gas to blow CN layers separately to form thin
nanosheets. The obtained P/S co-doped carbon nitride nanosheet (g-PSCNNS)
sample presents enhanced absorption in visible light region and efficiencies for
separation and transport of photo-generated charges. The synergistic effect of
elemental co-doping and nanosheet-like morphology endues g-PSCNNS with
superior photocatalytic performance for removal of organic pollutants in com-
parison with the pristine, P or S individual doped and P/S co-doped g-C3Ny
samples. Moreover, this g-PSCNNS sample has excellent photocatalytic stability
and reusability. Experiments of radical quenching demonstrate superoxide
radical is the main active species in the photocatalytic process.
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Introduction traditional fossil fuels [1]. Semiconductor photo-
catalysis has emerged as one of the most fascinating

research fields for eliminating organic pollutants and

Recently, the growing awareness of the energy crisis
and environmental pollution has encouraged exten-
sive investigation of new clean energy to replace
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converting solar energy [2, 3]. A metal-free photo-
catalyst graphitic carbon nitride (g-C3Ny4) has attrac-
ted intensive interest for its promising applications in
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splitting water to produce H; [4-7], decomposition of
organic pollutants [8], organic synthesis under visible
light [9], photocatalytic CO, reduction [10] and pho-
tocatalytic NO removal [11-13]. The tunable con-
densation degree and distinctive heptazine ring
structure endow g-C3Ny with good physicochemical
stability as well as a fascinating electronic structure
and a medium band gap (~ 2.7 V) [14].

However, g-C3N, has some shortcomings such as a
low visible light utilization efficiency, small specific
surface area and rapid recombination of photo-gen-
erated electron-hole pairs. To advance this photo-
catalyst, a number of researchers started to employ
many strategies, for instance heteroatom doping
including metal [15-18] and non-metal [19-41] ele-
ments, preparation of mesoporous g-CsN, [42, 43],
exfoliation of g-C3N, into ultrathin nanosheets
[44-46] and construction of heterojunctions with
other semiconductors [47-49]. Among these strate-
gies, non-metal dopants show great possibility to
enhance the visible light photocatalysis of g-C5;N, via
regulating the electronic structure and band gap
[50, 51]. In recent years, various non-metal heteroa-
toms have been successfully introduced into the CN
framework, such as O, F, S, P [19-23, 27-39]. Zhang
et al. [23] prepared P-doped g-C3N, using dicyandi-
amide and the ionic liquid [Bmim]PFs as the pre-
cursors. The electrical conductivity and the
separation efficiency of photo-generated charges
were obviously enhanced after P doping. Ge et al.
[35] synthesized the S-doped g-C3;N, using thiourea
as sulfur source. The sulfur-doped g-C3;N, photocat-
alysts show beneficial effects on visible light absorp-
tion, electron-hole pair generation and separation. Li
et al. [38] synthesized O-doped g-C;N4 by a facile
H,0, hydrothermal approach. The O-doping process
effectively enlarges surface area, extends visible light
response and improves separation efficiency of the
photo-induced charge carriers. Bao et al. [40] pre-
pared the C-doped g-C3;N, that narrowed the band-
gap, restrained the photo-induced charge carriers
recombination and exhibited excellent photocatalytic
performance. It should be noted, however, that single
element doping always could not obtain the satis-
factory photocatalytic properties and a few studies
have utilized elemental co-doping strategies to fur-
ther improve the photocatalytic performance of
g-C3Ny [51-53].

Dimensionality plays the key role in determining
the special properties of materials. As the graphite
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analogue, CN is easy to form two-dimensional (2D)
ultrathin structure, such as nanosheets [54, 55],
nanoribbons [56] and nanoflakes [57]. These 2D
materials have large surface area that provides more
active sites and smaller sheet thickness that shortens
the transfer route of photo-excited carriers. For
example, Niu et al. [54] developed a simple method
to prepare g-C3N,4 nanosheets by direct thermal oxi-
dation “etching” process of bulk g-C3Ny in air. The
resultant nanosheets possess a large surface area and
small sheet thickness and show much superior pho-
tocatalytic activities than the bulk g-C3Ny.

In this study, we synthesized a P/S co-doped
g-C3Ny nanosheet (g-PSCNNS) material by thermal
polymerization of C, N, P and S precursors assisted
with an NH4Cl chemical blowing method. The
structure and morphology were significantly chan-
ged by P/S co-doping in carbon nitride framework
that results in the enhanced visible light absorption,
good charge conductivity and high separation effi-
ciency of photo-induced electron-hole pairs. We
investigated the photocatalytic activity and durability
of g-PSCNNS for decomposing organic pollutants
and finally proposed a possible photocatalytic
mechanism.

Experimental section
Synthesis of photocatalysts

The g-C3;Ny-based photocatalysts were synthesized
by thermal condensation of various precursors with
melamine, which are schematically illustrated in
Fig. 1.

The pristine g-C3Ny (3-CN): A certain amount of
melamine were poured into a crucible with a cover
and heated in a muffle furnace at 520 °C for 4 h at a
rate of 6 °C min~".

The S-doped g-C3N, (3-SCN): Thiourea and mela-
mine with a mass ratio of 1:1 were mixed in an agate
mortar. Then, the mixture was treated similar to
g-CN.

The P-doped g-C3N, (g-PCN): 3 g melamine was
added into 15 mL BmimPF, (50 mg) aqueous solu-
tion and then was heated at 100 °C under stirring to
remove water. The white mixtures were treated fol-
lowing the procedure like g-CN.

The P/S co-doped g-C3N4 (g-PSCN): 3 g melamine
and different amounts (25 mg, 50 mg, 75 mg,
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Figure 1 Schematic illustrations for preparation of a g-CN, b g-
SCN, ¢ g-PCN, d g-PSCN and e g-PSCNNS.

100 mg) of BmimPF¢ were added into 15 mL water
under stirring. After removing water at 100 °C, the
white resultants were mixed with 3 g thiourea in
agate mortar. The mixture was then calcined at
520 °C for 4 h, and the prepared materials were
referred to g-PSCN-25, g-PSCN-50, g-PSCN-75 and
g-PSCN-100.

The P[S co-doped g-C3Ny nanosheets (g-PSCNNS): 3 g
melamine and 50 mg BmimPF, were added into
15 mL water under stirring. After removing water at
100 °C, the powders were mixed with 3 g thiourea
and 12 g NH4Cl. Subsequently, treating with the
similar process to g-PSCN, we obtained the sample of
g-PSCNNS.

Characterizations

The morphology and composition of materials were
analyzed by Quanta 250FEG Field emission scanning
electron microscope (SEM) equipped with an energy-
dispersive X-ray spectrometer (EDS). X-ray powder
diffraction (XRD) patterns were measured using a
DX-2700 diffractometer (Dandong Haoyuan Instru-
ment Co. Ltd. China) using Cu Ka radiation
(4 =0.15418 nm). Fourier transform infrared (FTIR)
spectra were obtained on a Nicolet Avatar 370 spec-
trophotometer using the standard KBr disk method.
UV-vis spectroscopy measurement was taken on a
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Shimadzu 2450 UV-Vis spectrometer with an inte-
grating sphere using BaSO, as the reference. X-ray
photoelectron spectroscopy (XPS) was obtained on a
VG K-ALPHA instrument with an Al Ko monochro-
matic source. The electrochemical tests were per-
formed on a CHI660E electrochemical workstation
(Chenhua, Shanghai, China), and the detailed pro-
cedure is shown in Supporting Information. Photo-
Iuminescence (PL) spectra of the materials were
measured using a fluorescence spectrophotometer
with an excitation wavelength at 340 nm by Edin-
burgh FL/FS900 spectrophotometer.

Photocatalytic tests

The photocatalytic performance of materials was
evaluated in a 150 mL reactor with a circulating
water system by photocatalytic degradation of Rho-
damine B (RhB) in aqueous solution under visible
light irradiation which used a 300 W Xe lamp (HSX-
F300, Beijing NBet) with a 420 nm cutoff filter as the
light source. 0.1 g of catalyst and 100 mL of RhB
aqueous solution (10 mg L™") were added in the
reactor, and then the liquor was stirred in dark for 1 h
to establish the adsorption—-desorption equilibrium.
During the photo-reaction process, 3.5 mL of the
suspension was collected at the 20-min intervals and
subsequently centrifuged to remove the catalyst
particles. Then, centrifugal supernatant fluid was
analyzed by measuring the maximum absorbance at
554 nm for RhB on a Shimadzu UV-2450
spectrophotometer.

Results and discussion

Physicochemical properties
of photocatalysts

SEM images were used to observe the morphological
change of photocatalysts by elemental doping and
chemical blowing (Fig. 2). As shown in Fig. 2a, the
pristine g-CN sample exhibits an irregular particulate
shape with a size of several micrometers. The intro-
duction of P/S heteroatoms into g-C;N, skeleton
does not apparently alter its aspect, which is con-
firmed by the SEM photograph of g-PSCN (Fig. 2b).
With the presence of NH4CI in the synthetic process,
the chemical blowing effect would suppress the
ordered stacking of CN layers and result in a loose
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Figure 2 SEM images of a g-CN, b g-PSCN and ¢ g-PSCNNS; EDS elemental mapping images of d C, e N, £ S and g P in g-PSCNNS.

aggregation of few-layer structures. This will result in
an enhanced specific surface area for g-PSCNNS
compared to g-CN and g-PSCN samples (Fig. S1 and
Table S1). We can find from Fig. 2c that the
g-PSCNNS sample displays a typical 2D nanosheet-
like morphology, and the curled edges in these sheets
indicate their flexibility and ultrathin thickness. The
elemental mappings of g-PSCNNS by EDS are
depicted in Fig. 2d—g. Four elements, C, N, S and P,
were checked, and all of them are uniformly dis-
tributed in the g-PSCNNS sample. This result sug-
gests that P/S elements have been successfully doped
into the CN framework.

The crystal structure of samples was studied by
XRD technique, as shown in Fig. 3a. All the patterns
reveal two distinct peaks, respectively, correspond-
ing to (100) diffraction at 13.0° and (002) diffraction at
27.5° [22, 61]. The former is related to the in-planar
ordered alignment of tri-s-triazine units, and the lat-
ter results from the oriented stacking of 2D CN layers
[22, 61]. In comparison with the pristine g-CN, the
intensity of these diffractions evidently decreases in
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the heteroatom-doped samples, g-SCN, g-PCN and
g-PSCN. This result may be attributed to the lattice
distortion after doping heteroatom into CN frame-
work. With the treatment of NH4Cl chemical blow-
ing, the (002) peak of g-PSCNNS further weakens and
widens, which is assigned to the diminished thick-
ness. Furthermore, it is evidently found that the (002)
diffraction in these doped samples has a slight shift to
the low degree zone compared to g-CN. This
enlargement of interlayer space after doping het-
eroatoms can be attributed to the much larger atom
radius of S and P than those of C and N. FTIR spectra
were measured to characterize functional groups of
samples (Fig. 3b). A series of typical absorption peaks
in the region of 1200-1700 cm ™' are attributed to the
typical stretching modes of CN heterocycles [49]. The
sharp peak is located at 809 cm™' owing to a
breathing mode of s-triazine ring system. The broad
absorption band over 2900 to 3500 cm™' is arising
from the N-H and N-H, stretching vibrations
[46, 52]. No apparent difference is observed in these
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spectra, indicating that introduction of dopants does
not affect the CN heterocycle structure.

Optical properties of these different g-C3N, sam-
ples were investigated by UV—vis DRS (Fig. 3c). The
yellow pristine g-CN presents an intensive absorp-
tion beginning from 454 nm, and the band gap (E;)
estimated from Tauc plot (Fig. 3d) is 2.67 eV that is
similar to the reported value [14, 35, 45, 49]. Doping
with P/S, absorption in visible region is significantly
strengthens, and the color darkens for g-SCN, g-PCN
and g-PSCN, implying that heteroatoms-doped
samples have much more sufficient utilization of
solar light than the pristine g-CN. The redshift of
absorption edge causes the reduction in band gaps,
which are 2.46, 2.43 and 2.36 eV for g-SCN, g-PCN
and g-PSCN, respectively. As for g-PSCNNS, its
absorption edge has a slight blueshift compared to
g-PSCN because of its thin thickness. The evaluated
Eg value of g-PSCNNS is 2.48 eV.

XPS technology was employed to investigate the
elemental composition and chemical state of
g-PSCNNS. The survey spectrum (Fig. 4a) presents
the presence of C, N, O, S and P, and the atomic ratios
of S and P are 0.32% and 0.22%, respectively. Fig-
ure 4b illustrates the C 1 s spectrum of g-PSCNNS
that is fitted into three typical peaks. Among them,
the signal at a binding energy of 284.6 eV is ascribed

s 0.0+ .
200 300 400 500 600 700 800 1.5 2.0
Wavelength (nm)

25 30 35
hv (eV)

to adventitious carbon contamination (C-C and
C=0), the peak located at 286.0 eV corresponds to the
C-OH environment, and the sp2 C atoms in N-con-
taining aromatic skeleton rings (N-C=N) are
responsible for the band at 288.2 eV [51, 52, 59]. The
N 1s spectrum of g-PSCNNS can be divided into
three peaks, as displayed in Fig. 4c. The main peak at
398.8 eV is related to the sp2 N atoms in conjugated
CN ring, and two shoulder peaks at 399.6 and
400.8 eV are, respectively, assigned to N—(C); and N-
H groups [51, 52]. The symmetric O 1s spectrum
(Fig. 4d) centered at 532.6 eV suggests the single
source of O element that is contributed from adsor-
bed water [51]. The S 2p peak (Fig. 4e) was decon-
voluted into two bands at 165.4 and 167.5 eV. The
peak at 165.4 eV is attributed to the N-S bond that is
formed by substituting sulfur with lattice carbon [58].
And, the band at 167.5 eV can be ascribed to the
oxidized S (SO,) that is modified on CN layers [59].
Figure 4f exhibits the P 2p spectrum of g-PSCNNS
that is located at 133.9 eV, which corresponds to P-N
coordination, implying that P most probably substi-
tutes for C in triazine rings [60, 61]. All the above
results demonstrate S and P have been successfully
doped into the carbon nitride framework.
Electrochemical impedance spectra (EIS) and pho-
tocurrent measurements are useful tools for
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Figure 4 XPS spectra of g-PSCNNS: a survey; b C 15, ¢ N 1s,d O 1s, e S 2p and f P 2p.

characterizing the separation and migration ability of
photo-excited charges. Figure 5a shows the EIS data
of g-CN, g-SCN, g-PCN, g-PSCN and g-PSCNNS
electrodes. Obvious semi-circles are found in these
curves, and their diameters reflect the resistance of
charge transfer (Rct) at the solid /liquid interface [62].
These heteroatoms-doped samples have much smal-
ler semi-circles than the pristine g-CN, revealing their
much more efficient migration and transfer ability of

photo-generated carriers. The nanosheet morphology
provides a short route for photo-induced electrons
and holes to diffuse to surface, which results in the
further decrease in Rct for g-PSCNNS sample. Tran-
sient photocurrent response also gives a similar
result, as presented in Fig. 5b. The highest pho-
tocurrent density is achieved by the g-PSCNNS
sample, suggesting its most efficient separation of
photo-excited charges among these samples. In
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Figure 5 a Nyquist plots of EIS, b photocurrent responses and ¢ PL spectra of photocatalysts.
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addition, several repeated on-off cycles exhibit sim-
ilar photocurrent response. It implies the high photo-
stability of samples. The recombination of photo-
produced electron-hole pairs in photocatalysts
would produce fluorescent emission. Figure 5c illus-
trates PL spectra of heteroatom-doped samples,
where g-PSCNNS shows the most weak PL intensity,
demonstrating the highest charge separation effi-
ciency in g-PSCNNS sample.

Synergistic effects for enhancing
photocatalytic performance of g-PSCNNS

The photocatalytic activity of samples was studied by
degradation of RhB under visible light irradiation.
We firstly optimized the doping of P/S by tuning the
dosage of P precursor (25, 50, 75 and 100 mg) in
synthetic procedure without adding NH,CL It is
obvious that the introduction of appropriate P is
favorable for promoting photocatalytic performance;
however, excessive P will suppress the activity of P/S
co-doped samples (Fig. 6a). Similar photocatalytic
behavior is found for the samples using 50 mg and
75 mg P precursor. Considering the relative high cost
of BmimPF,, we chose 50 mg as the optimal dosage.
Figure 6b compares the photocatalytic activity of
various carbon nitride samples. Due to the insuffi-
cient utilization of visible light and high recombina-
tion rate of photo-generated electron-hole pairs, the
pristine g-CN shows a poor activity, and only 50%
RhB was removed after 120 min irradiation. Activity
enhancement is achieved by introducing P or S ele-
ments in graphitic carbon nitride, and the g-PCN and
g-SCN, respectively, give 58% and 82% degradation
efficiency after 120 min. The co-doped g-PSCN sam-
ple even can completely photo-degrade dye mole-
cules. By chemical blowing of g-PSCN into
nanosheets, the g-PSCNNS sample displays a signif-
icant adsorption capability. It should be induced by
the enhanced surface area of nanosheet morphology.
And, the g-PSCNNS sample presents a more promi-
nent activity than g-PSCN that photo-decomposes all
of RhB after 40 min visible light illumination. The
color change of reaction system (Fig. S2) and the DRS
of photocatalysts before and after photocatalysis
reaction (Fig. S3) suggest that the adsorbed dyes on
g-PSCNNS were also completely removed. To further
understand the reaction rate of degradation, the
photocatalytic kinetic study was investigated by the
pseudo-first-order model with the following
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equation: In(Cy/C) =k x t, where C; is the initial
RhB concentration after establishing adsorption—
desorption equilibrium, C is the remaining concen-
tration at irradiation time of ¢, and k is the apparent
first-order rate constant [63]. As shown in Fig. 6c, the
g-PSCNNS exhibits the largest rate constant k of
0.0554 min~' that is ~ 10.5, 4.0, 7.8 and 1.9 times
higher than those of g-CN, g-SCN, g-PCN and
g-PSCN, respectively.

Figure 6d depicts the absorption spectral change of
RhB solution with the presence of g-PSCNNS under
visible light irradiation. Besides rapid decay of the
main absorption at 554 nm, no apparent blueshift is
observed, demonstrating the simultaneous removal
of all the ethyl groups on RhB molecule [64, 65].
Meanwhile, absorptions in UV region also decrease
with the increase in illumination time. It can be
assigned to the destruction of aromatic ring in RhB
[65]. The supernatant after photocatalytic reaction
was examined by high-performance liquid chro-
matography (HPLC). As Table S2 reveals, RhB was
completely decomposed and the main intermediates
were determined as oxalic acid (OA) and fumaric
acid (FA).

The stability and reusability of g-PSCNNS photo-
catalyst for degradation of RhB were examined by
adding concentrated dye solution into the photocat-
alytic system after the previous cycle. Figure 6e dis-
plays the successive five cycle experiments of the
g-PSCNNS sample. No evident decline of activity is
observed, revealing the superior reusability of
g-PSCNNS. Figure 6f shows the comparison of XRD
patterns of g-PSCNNS before and after photocatalytic
reaction. The (100) and (002) diffractions are still
maintained after reaction, which proves the high
stability of g-PSCNNS photocatalyst. We also com-
pared the photocatalytic performance of g-PSCNNS
with the pristine g-CN for removal of various organic
dyes, including methyl blue (MB), Reactive violet and
Congo red under visible light irradiation (Fig. S4),
where the g-PSCNNS presents better photocatalytic
performance than that of the pristine g-CN.

As described by optical behaviors of carbon nitride
materials in Fig. 3c and d, heteroatom dopants will
significantly change their band structure. To investi-
gate the detailed band alignment, Mott-Schottky
(MS) measurements were taken, and the resultant
data are illustrated in Fig. 7a—e. All the heteroatom-
doped samples have a positive slope of MS curves
like the pristine g-CN, indicating they are all n-type
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semiconductors and these dopants do not influence
the conduction behavior [66]. Their flat potentials
estimated from the intercept at X-axis are, respec-
tively, — 1.48, — 1.28, — 1.04, — 0.97 and — 1.05 eV
versus Ag/AgCl for g-CN, g-SCN, g-PCN, g-PSCN
and g-PSCNNS. Based on their Eg values, we subse-
quently plotted the band alignment in Fig. 7f. When
reducing band gap by doping with P or S heteroa-
toms, it simultaneously effectively shifts the con-
duction band (CB) potential to positive potential.
And, the much more obvious effect is realized by the
co-doped sample of g-PSCN. Furthermore, compared
to g-PSCN, the CB and valance band (VB) of
g-PSCNNS, respectively, shift to more negative and
positive direction.
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In photocatalytic oxidation process, photo-gener-
ated holes, superoxide radical (-O,”) and hydroxyl
radical (-OH) are three main active species. To reveal
the main species in this system, we investigated the
influence of photocatalytic performance by intro-
ducing various scavengers. As shown in Fig. 8a,
when tert-butyl alcohol (TBA, 2 mM, a scavenger of
hydroxyl radicals) was added, the degradation effi-
ciency of RhB was changed slightly [45, 46, 63]. This
result demonstrates that -OH radicals were not
involved in the photocatalytic process. However, the
addition of scavenger benzoquinone (BQ, 0.5 mM)
for O, radicals, the degradation behavior of RhB
was seriously prohibited, which suggests that -O,™
radicals are the main active species in the photocat-
alytic  process  [45, 46, 63].  Disodium
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Figure 7 a—e Mott—Schottky
curves and f schematic
diagram for band alignment of
photocatalysts.

Figure 8 a The
photocatalytic activity of
g-PSCNNS for degrading RhB
with the presence of various
scavengers, and b the possible
photocatalytic mechanism of
g-PSCNNS under visible light
irradiation.
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ethylenediaminetetraacetate (EDTA-2Na, 2 mM) was enhanced separation rate of photo-generated carriers
used to trap photo-excited holes on VB [45, 46, 63]. by quenching holes.

The removal efficiency of RhB was not diminished, According to the above results, a possible mecha-
but increased. That should be contributed by the nism for photo-degradation of organic dyes by

g-PSCNNS is therefore proposed that is schematically
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illustrated in Fig. 8b. Under visible light illumination,
the electrons (e”) on VB are excited and transferred to
CB, meanwhile leaving the positively charged holes
(h™) on VB. The high recombination of e —h" pairs
results in the inefficient activity of g-CN, however,
which is markedly suppressed in g-PSCNNS because
its extremely thin morphology provides a short dis-
tance for carriers to diffuse to surface. Subsequently,
the photo-induced electrons on CB are trapped by the
defects on surface and then react with the dissolved
oxygen to produce -O,". On the other hand, the VB
potential is much more negative than the H,O/-OH
redox potential (1.43 V vs. NHE) [46]. Thus, the
photo-generated holes cannot oxidize H,O to -OH.
However, they can directly oxidize RhB because of
the relatively small oxidizing potential of RhB (0.97 V
vs. NHE) [67].

Conclusion

In summary, a simultaneous approach of binary
heteroatom co-doping and 2D morphological con-
trolling was employed to promote the photocatalytic
performance of graphitic carbon nitride. Co-doping
heteroatoms of P/S into the CN skeleton diminished
the optical gap that means harvesting more sunlight,
and meanwhile prohibited the charge recombination
and improved its conductivity. What is more, blow-
ing CN layers separately into nanosheet-like mor-
phology enhanced the surface concentration of active
sites and further promoted the separation of photo-
excited carriers by shortening their diffusion distance
to surface. These synergistic effects brought
g-PSCNNS much more excellent photocatalytic
behavior than these reference samples for compari-
son. Also, this photocatalyst has a well stability and
can be repeatedly used for successive cycles. We
believe this strategy is a common route to synthesize
multi-heteroatoms-doped g-C;N,4 photocatalysts with
2D ultrathin structure. Furthermore, its flexible 2D
morphology is helpful for fabricating tightly coupled
heterostructure photocatalysts by encapsulating
guests into nanosheets.
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