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ARTICLE INFO ABSTRACT

Keywords: Photocatalysis has demonstrated great potentials for both environmental remediation and green energy pro-
Photocatalysis duction. In this study, a simple solvothermal template-free approach was employed for the first time to syn-
Carbon nitride thesize phosphorous doped carbon nitride nanobelt (P—CN—NB). Advanced characterizations, for instance, **C
P-doping NMR, 3'P NMR, and XPS results indicated that P was substitutionally doped at the corner-carbon of the carbon

HBA degradation

. nitride frameworks. The introduction of P dopants inhibited the polymerization between NH, groups within
Hydrogen production

P—CN—NB, enabling the decrease in nanobelt width for the exposure of more active sites. Therefore, the opti-
mized P-CN-NB-2 (derived from 0.2 mM H3PO,) rendered enhanced p-hydroxybenzoic acid (HBA) degradation
nearly 66-fold higher than bulk g-C3N,, among the most efficient g-C3N,-based photocatalysts as reported. In
addition, the P-CN-NB-1 (derived from 0.02 mM H3PO,) exhibited about 2 times higher H, evolution rate than
CN—NB. Density functional theory (DFT) calculations were also conducted to provide insights into the me-

chanism.

1. Introduction

Persistent organic pollutants (POPs) in waste water have become a
worldwide concern because of the detrimental effect on the human’s
sustainable development [1]. P-hydroxybenzoic acid (HBA) as an
emerging pollutant can hardly be decomposed by a conventional
method, and remains a great challenge for a green and effective re-
mediation technology [2]. Solar-driven photocatalysis is attracting
considerable attention because it has been proven to be an emerging
green and sustainable technology to address the global environmental
and energy issues in the future [3-6]. Apart from the solar light har-
vesting, the selection of a suitable semiconductor is also the critical
point in the photocatalysis process. Inorganic semiconductors, such as
TiO, [7-9]1, ZnO [10-12], WO [13,14], a-Fe;05 [15], Cuy0 [16] and
many others, have been extensively studied as the photocatalysts or
photoelectrocatalysts. However, their efficiencies, environmental-
friendliness, and stability are not entirely satisfactory for practical ap-
plications [17,18]. Therefore, the design of robust, highly efficient, and
cost-effective semiconductors is still challenging. Recently, a metal-free
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polymeric photocatalyst, graphitic carbon nitride (g-C3N,), was re-
ported and employed in versatile photocatalysis processes owing to its
tunable electronic band structure, environmental benignity, excellent
physicochemical stability, and cost-effectiveness [19-21]. However,
some drawbacks including fast recombination of electron-hole pairs,
poor electrical conductivity, high synthesis temperature, and the de-
gradation of responsivity above 460 nm, etc., dramatically hindered its
practical applications [22,23].

To address these problems, great efforts such as designing a het-
erostructure [24-26], heteroatom doping [27], and tailoring morphol-
ogies [28,29] have been devoted to optimizing the photocatalytic per-
formance of g-C3N,. In terms of the morphological control, hard
template [30,31], soft template [32], and supramolecular copolymer-
ization [33,34] are the conventional used approaches. However, the
hard template methods usually require toxic chemicals, for instance, HF
to remove the template, making the process highly hazardous. For the
soft template and supramolecular copolymerization methods, the syn-
thesized morphologies are uncontrollable due to a large amount of NH;
being released, which will also pose a threat to the morphology.
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Template-free approach at low temperatures (180-200 °C) is of great
interest owing to its easy-handling, good controllability, and green
features [35,36]. In addition, this method has been reported and em-
ployed in the synthesis of carbon nitride [37,38]. For example, Cui et al.
[39] successfully fabricated carbon nitride with nanobelt structures via
the template-free method, and the nanobelt content accounts for more
than 90% of the gained samples. The prepared samples exhibited dra-
matically enhanced visible light absorption capability, a larger surface
area, and much higher oxidation activity. More interestingly, this
method combined the solution assembly, molecular engineering, crys-
tallization, and covalent cross-linking chemistry in one pot, and thus
the resulting sample became very efficient and attractive. The band-gap
energy of the carbon nitride nanobelt (CN—NB) was much lower than
that of pristine g-C3N,4, which could be the result of the morphological
change of the sample [40]. However, during the synthesis process of
CN—NB, oxygen (O) and chlorine (Cl) were simultaneously introduced
into the system, and the roles of O and Cl remains unclear.

Besides the morphology control approach, heteroatom doping is
another promising and effective strategy because it can simultaneously
regulate the electronic band edges, the visible light absorption ability,
and the conductivity [41-43]. Recently, it was reported that phos-
phorus (P) monomer [44] or P-doped carbon nitride [45,46] exhibited
enhanced performances for H, evolution or CO, reduction. For ex-
ample, Ran et al. [45] demonstrated that P doped porous carbon nitride
nanosheet achieved a hydrogen AQE of 3.56% at 420 nm, which was
the highest value among metal-free-carbon nitride catalysts at the time.
Later, P doped carbon nitride tubes were designed by a combined hy-
drothermal process with post annealing approach, with a 5.68% AQE at
420 nm achieved [46]. Nevertheless, these methods need two or more
steps, resulting in the complexity of the fabrication process. In addition,
the morphology of the grain size was large, which is unfavorable to the
photocatalysis process. Besides, the potential of the valence band (VB)
was decreased, which significantly limited the oxidation activity.
Therefore, designing novel and simple synthesis process for producing
P-doped carbon nitride with a smaller grain size and high oxidation
ability still remains a great challenge.

In this work, we developed a facile template-free solvothermal ap-
proach to prepare P-doped carbon nitride nanobelt (P—CN—NB). During
this process, the P doping, band-gap engineering, and morphology
control can be simultaneously achieved in one pot fashion. The che-
mical compositions and the structures of the fabricated samples were
studied by 13C NMR, 3'P NMR, and XPS, and the results indicated that P
was substitutionally doped into the position of the corner-carbon within
the carbon nitride framework. The optimized photocatalyst was highly
efficient for photocatalytic HBA degradation (66-fold enhancement
degradation rate than bulk g-C3N,). Experimental results, along with
density functional theory (DFT) calculations, indicated that the en-
hanced photocatalytic degradation efficiency of P—-CN—NB is derived
from its specific electronic structure and the unique asymmetric LUMO
orbital configuration by significantly promoting the electron-hole se-
paration and kinetic reactions.

2. Experimental section
2.1. Preparation of P-CN—NB

The synthesis process for P-CN—NB is exhibited in Scheme 1.
P—CN—NB was synthesized via a one-pot solvothermal approach. In
detail, melamine (8 mM), cyanuric chloride (16 mM), and different
amounts of H3PO4 (0.02, 0.2, 0.4, and 0.8 mM, respectively) were
dissolved in a 100 mL autoclave (with 60% of acetonitrile). The solution
was dramatically stirred for 24 h. Then, the homogeneous suspension
was sealed and placed into an oven at 180 °C for 24 h. After cooling to
the room temperature and washing with acetonitrile, ethanol, and
distilled water for three times, the P doped carbon nitride composites
were obtained. According to the dosage of H3PO,4 (0.02, 0.2, 0.4, and
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0.8 mM), the prepared photocatalysts were denoted as P-CN-NB-1, P-
CN-NB-2, P-CN-NB-3, and P-CN-NB-4, respectively. CN—NB sample was
synthesized via the same approach without the addition of H3PO,. The
bulk g-C3N4 was prepared via the thermal polymerization method as
can be seen elsewhere [47].

The working electrodes were prepared via the simple dipping
method. Before making the electrodes, the 1.5cm x 1.0 cm FTO glasses
were washed using acetone, ethanol, and distilled water under soni-
cation. The working electrodes were prepared as below: 5 mg catalyst,
20 uL. 117 Nafion solution, and 500 pL ultrapure water were mixed
under sonication, and 20 pL of the resulting slurry was loaded onto the
1.0cm X 1.0 cm FTO. The working electrodes were dried in air over-
night.

2.2. Characterization

The transmission electron microscopy (TEM) was performed on a
JEOL 2100 TEM instrument (120 kV). The high angle annular dark field
scanning transmission electron microscopy image (HAADF-STEM)
mapping was acquired on FEI TITAN G2 (200 kV). XRD patterns were
obtained on a Holland X’Pert Pro diffractometer. FT-IR spectra of the
samples were recorded on a Nicolet Nexus 670 spectrometer (400 to
4000 cm ™ 1). The nitrogen adsorption-desorption isotherms were eval-
uated on a Micromeritics sorption analyzer (ASAP 2010). X-ray pho-
toelectron spectroscopy (XPS) studies were conducted using an
ESCALAB 250xi spectrometer. The UV-vis diffuse reflectance and
photoluminescence (PL) spectra were collected on a TU-1901 spectro-
meter and a Hitachi F-4500 Fluorescence spectrophotometer, respec-
tively. Electron paramagnetic resonance (EPR) spectroscopy was ap-
plied for the catalysts (Bruker A200). NMR was carried out on a Bruker
ADVANCEIII 500 MHz equipment.

2.3. Photoelectrochemical and photocatalytic activity

The photocurrents and electrochemical impedance spectra (EIS)
were acquired on a Zennium electrochemical system (Zahner,
Germany) in a three-electrode cell, with the catalysts/FTO as the
working electrode, a saturated Ag/AgCl electrode as the reference
electrode, and a platinum plate as the counter electrode.

For each photodegradation experiment, 25 mg of the catalyst was
added into 50 mL of HBA aqueous solution (1 ppm). A 300 W Xe lamp
(Newport, output intensity: 1 sun) with a 420 nm cut off filter was se-
lected as the light source. Prior to the irradiations, the HBA suspensions
were stirred in the dark for 30 min to reach the adsorption-desorption
equilibrium. After the xenon lamp was turned on, 2.0 mL suspensions
were sampled every 20 min, and the concentration of HBA was ana-
lyzed using a high-performance liquid chromatography (Shimadzu
HPLC) equipped with a UV detector at the detection wavelengths of
276nm and a C18 column (2.7pL, 100 X 2.1 mm). Total organic
carbon (TOC) analyzer was provided by Shimadzu Corporation.

The photocatalytic efficiencies were also evaluated by monitoring
the hydrogen evolution, which was conducted in a closed on-line
photocatalytic system. Briefly, 25 mg of the catalyst powder was added
to an aqueous solution (25 mL) containing 2.5 mL of TEOA and 0.4 mL
of 3.0 wt% H,PtCl ¢(H,0)e and sonicated for 30 min. Prior to the visible
light irradiations, the reactor was evacuated by a vacuum pump to
remove air. The solution was then irradiated by a 300 W Xe lamp
(perfectLight) with a cut-off filter, under magnetic stirring, to produce
H,. The evolved hydrogen was analyzed by an online gas chromato-
graph (GC7920, Techcomp, TCD detector, carrier gas: N, 5A molecular
sieve column).

2.4. Density-functional-theory (DFT) calculations

The CASTEP software package [48] was used for DFT calculations in
this work. A plane wave basis set was adopted, together with the



S. Wang, et al.

\ intersection /

[t

I

| / N\ /ﬁ

| Cyanuric Cyanuric )

| chloride acid CNHOOQQrP

¢

! .

| k‘A; < C\‘A§‘ p O\‘A p
IR y

I ; : Acctonitrilf P "r‘ ¢

I >

I .
S Van der

: .\‘\; + ?‘ waals force .\; A;’

| ¢

1| Melamine Phosphoric

| acid Precusors

|

I

I

Hydrothermal

Applied Catalysis B: Environmental 257 (2019) 117931

Nanobelt

P-CN-NB-2

Scheme 1. Schematic drawing of the formation process of P—-CN—NB.

generalized gradient approximation (GGA) and Perdew-Burke-Ern-
zerhof (PBE) functional [49]. The Brillouin zone was sampled with
3 x 3 x 4 k-point, and the cut off energy was set to 340 eV.

As the starting point, the pristine g-C3N, sheet without doping was
built as a benchmark. A series of models along the condensation path,
from an isolated melon molecule of 22 atoms, then polymeric melon
sheet consisting 72 atoms in a unit cell, and finally to the hypotheti-
cally, fully condensed, infinite g-C3N, sheet, were constructed, seen in
Fig. S1 in the Supplementary Data. For all the aforementioned models,
the separation between different layers was set to 15 ;\, so that the
interaction between layers can be negligible. Because of the consistency
with experimental results, this polymeric melon sheet model has been
generally accepted and widely applied in recent studies [50-52]. The
lattice parameters of the polymeric melon are 16.7 x 12.4A [53].
During the DFT calculations, we assigned different sites for the P, O and
Cl atoms with the XPS experimentally derived atomic proportion, i.e.,
C: N: Cl: O: P = 35: 52: 3: 10: 1, in order to determine the site occu-
pancy of the Cl, O and P atoms within the samples. In the calculations,
we first identified those models after geometry optimization which
yielded agreement with experimental site occupancy indicator. Then,
amongst these models, we selected the one which has the lowest free
energy in a unit cell.

3. Results and discussion

Fig. 1 exhibits the HRTEM images of the prepared carbon nitride
samples. The pristine g-C3N, exhibited a bulk structure, while CN—NB
showed a nanobelt structure, and the width was about 100 nm. For P-
CN-NB-2, the nanobelt structure was also obtained, while the width was
reduced to approximately 18 nm. It was seen that the incorporation of P
did not change the general morphology but made the hierarchical na-
nobelt narrower. The decrease in the width was because the P dopants
might inhibit the polymerization between NH, groups in the heptazine
units. HAADF-STEM and EDX elemental mapping images of P-CN-NB-2
indicated that the P was uniformly incorporated into the carbon nitride
framework.

XRD patterns of the g-C3N;, CN—NB, and P—CN—NB samples
(Fig. 2a) all exhibited a typical reflection at 27.3°, which is associated
with the (002) interlayer of g-C3N,4. However, the peaks of CN—NB and
P—CN—NB samples are much broader and weaker than that of g-C3N4
synthesized at a high temperature. This is probably because of the less
ordered stacking of tri-s-triazine units [27]. In addition, the peaks at 13°
cannot be seen on the samples synthesized in solution, suggesting the
existence of some disordered crystal structure [54,55]. Some new peaks
were observed on the samples of P-CN—NB, which may be due to the
presence of melem derivatives [56,57]. It was also found that when the
adding amount of H3PO,4 was 0.8 mM, the formation of carbon nitride
was retarded, which can be confirmed by the results of XRD and FT-IR
(Fig. S2 a-b). The corresponding photocatalytic activity for HBA de-
gradation was deficient (Fig. S2 c). Therefore, the adding dosage of

H3PO,4 should be not over 0.8 mM.

In the FT-IR spectra (Fig. 2b), all the samples exhibited the ab-
sorption bands at 812 cm ™' and between 3000 and 3600 cm ™!, which
are from the breathing mode of the triazine units, and the N—H
stretching vibration bonds, respectively [58]. The absorption band of g-
C3N,4 and CN—NB at 1200-1700 cm ™~ * originated from CN heterocycles
[59], while P—-CN—NB samples showed two broad groups at 1596 and
1442 cm ™Y, coinciding with those of melem [57]. In addition, the ob-
vious —OH and C=0 bands were observed at 3400 and 1750 cm ™' on
the CN—NB and P—CN—NB, respectively. No vibration modes for P-
related groups of P-CN—NB were detected, probably because of the
low percentage or signal over-lapping.

The nitrogen sorption isotherms of the g-C3N,;, CN—NB, and
P—CN—NB samples (Figs. 2c and S3a) exhibited type IV isotherms with
H3 hysteresis, reflecting the existence of mesopores. The desorption
pore distribution (Figs. 2d and S3b) indicated that all the samples
possess a bimodal distribution, and the corresponding parameters are
listed in Table S1. The specific surface area of P-CN—NB is 33.7 m?
g_l, about 5 and 2 times larger than that of g-C3N, and CN—NB, re-
spectively. The enlarged surface areas of P-CN—NB may be due to the
decreased size of nanobelt, which could provide more surface active
sites. The unique nanobelt structure and the P heteroatoms are expected
to not only modulate the electronic band structure, but increase the
electron-hole separation efficiency of the CN—NB.

Further elemental compositions and chemical states of g-C3Ny,
CN—NB, and P-CN-NB-2 were analyzed by XPS, and the atomic per-
centage of g-C3N,, CN—NB, and P-CN-NB-2 are shown in Table S2. The
XPS C 1s spectra (Fig. 3a) at 284.8, 286.6, and 288.5 eV were due to sp>
graphitic carbon (C—C bonding), adventitious carbon (C=C), and spz—
bonded carbon in the s-triazine units (N—C = N), respectively [60]. For
the N 1s spectra (Fig. 3b), the peaks at 398.8, 399.9, and 400.7 eV
correspond to the C-N = C, N—(C)3, and C-NH,, respectively [61]. The
O 1s (Fig. S4a) of CN—NB and P-CN-NB-2 possess two peaks, with the
binding energy at 531.7 eV (—OH) and 533.4 eV (C=O0) [54]. For the
g-C3N, catalyst, only surface hydroxyl groups were observed at
531.8 eV, suggesting that C=0 cannot be formed on g-C3N,4. The Cl 2p
spectra (Fig. S4b) of CN—NB show two main peaks at approximately
200.7 eV for Cl 2p; 5 and 197.5 €V for Cl 2p3,». The first two peaks at
202.2 and 200.6 eV can be ascribed to C-Cl covalent bonds, and the
second fitted peaks at 198.8 and 197.2eV are attributed to Cl ionic
bonds [54,62]. P-CN—NB showed a very low intensity in the first peak
and a much strong intensity in the second peak, suggesting that the
incorporation of P promotes the break of C-Cl bonds. The signal of P 2p
(Fig. 3c) is located at approximately 133.6 eV, which is in accordance
with P—N coordination, suggesting that P probably replaces C in the
carbon nitride framework [46]. Solid NMR 2 C (Fig. 3d) was further
performed to unveil the structures of the g-C3N4, CN—NB, and P—C-
N—NB. All the samples exhibited two obvious signals at 156.4 and
164.5 ppm assigned to the C(1) atoms (C3y) and C(2) atoms (CoN-npx)
in the melem, respectively. A new signal at 151.8 ppm can be observed
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Fig. 1. TEM images of (a) g-C3N4, (b) CN—NB, (c)-(e) P-CN-NB-2, and (f)-(k) HAADF-STEM image of P-CN-NB-2 and the EDX elemental mapping analysis.
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Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c) nitrogen sorption isotherms, and (d) pore size distribution of the synthesized catalysts.



S. Wang, et al.

(a)|c 1s N-C=N
i Adventitious _c
— P-CN-NB-2 carbon ‘
=
«
N’
£ |cnnB
g =
WD
-
=
I—
g-C3N4
] T L] L]
290 288 286 284
Binding energy (eV)
(c)[P2p
P-N

P-CN-NB-2

Intensity (a.u.)

T T L )
136 134 132 130

Binding energy (eV)

L
138 128

Applied Catalysis B: Environmental 257 (2019) 117931

N1s C-N=C
(b) NA(Cp
C-N-H

~ |P-CN-NB-2

=

~

N’

£ | cNNB

w

=

L

-

=

—

g-C3N4
L L) L L)
406 404 402 400 398 396
Binding energy (eV)

(d)

-~
=
<
A
>
-
‘®
=
3
=
e 7
N Q P-CN-NB-2
200 150 100 50 0
Chemical shift (ppm)

Fig. 3. XPS spectra of (a) C 1s, (b) N 1s, (c) P 2p, and (d) *>C NMR spectra of the prepared samples.

for CN—NB and P-CN-NB-2, which can be attributed to the C(3) atoms
(Ccp- It should be noted that no P—C peak was observed on the P—C-
N—NB, suggesting P substitutes C instead of N forming P—N bond,
which agrees well with the results of XPS P 2p results. For further
confirmation, solid-state >'P was carried out. The NMR results of P-CN-
NB-2 (Fig. S5) on the *!P show two peaks at -6.65 and -7.95 ppm (the
signals with * was due to the partial rotor between the sample and
magnetic field of equipment), confirming that P was introduced in the
framework with two different positions (1, the corner carbon, 2, the bay
carbon) [63]. Our calculation results indicated that the substitution of P
of corner carbon was with a reasonable band-gap energy and relatively
low total energy (not shown) and that the replacement of P of bay
carbon resulted in the carbon nitride framework distorted severely.
Therefore, the substitution of corner carbon by P is preferred in P-CN-
NB-2 system.

The UV-vis DRS of the g-C3N4, CN—NB, and P-CN—NB samples are
exhibited in Fig. 4a. In comparison to g-C3N, and CN—NB, the in-
corporation of P improved the visible light absorption ability. In addi-
tion, the band-gap energies of the g-C3N,;, CN—NB, and P-CN-NB-2
samples (Fig. 4b) were determined to be 2.73, 2.24, and 2.19 eV, re-
spectively. It can be seen that the band-gap of CN—NB was much nar-
rower than the g-C3N,4 prepared at a high temperature (2.6 ~ 2.8 eV),
which can be attributed to the introduction of Cl and O element in the
CN—NB frameworks. The VB position was further confirmed by the XPS
technique. The VB edge of g-C3N4, CN—NB, and P-CN-NB-2 samples are
1.81, 2.24, and 2.19 eV, respectively. The estimated conduction band
(CB) positions are then -0.92, -0.15, and -0.04 V for g-C3N4, CN—NB,
and P-CN-NB-2, respectively. The band structure information of g-C3Ny,
CN—NB, and P-CN-NB-2 are exhibited in Fig. 4d and Table S3. The
lowering of the VB indicates that P-CN-NB-2 possesses a stronger oxi-
dation and a lower reduction ability theoretically.

For a deeper insight into the mechanism on the narrower band-gap
taking place on the P-CN-NB-2 sample, DFT calculations for the band
structure and density of states (DOS) were performed. The calculated
band-gap of pristine g-C3N4 was 2.52 eV (Fig. 5b), in agreement with
the results in the reported references [53,64], and also agrees with our
experimental results on the pristine g-C3N,4. By using hybrid functional
the bandgap accuracy may be further improved, but which is compu-
tationally unaffordable in systems with large number of atoms [40].
Here we more concern on the band structure change trend after doping
of different elements, so GGA-PBE is used in all the calculations. To
demonstrate different contributions towards the total DOS, partial DOS
(PDOS), with respect to contributions from orbitals of different ele-
ments (Fig. S6¢), as well as to those from different bands (Fig. S6d),
were presented, respectively. Within the range of -2 to 0 eV, nitrogen
orbitals contribute towards VB predominantly, about 97%. In contrast,
for the CB carbon orbitals have a higher contribution of ~ 55%. In
particular, at a lower portion close to the CB edge, the proportion of C
orbital contribution is more significant. When considering the con-
tributions from different bands, the 2p contributions (combined from
both C and N) to both VB and CB are predominant within the range
energy range being studied. Close to the VB edge the 2 s band orbitals
only contribute ~10% to the total VB-DOS. Almost all the orbitals in
the CB are provided by the 2p band from both C and N orbitals, while
the 2s orbitals’ contribution to CB is negligible. The results are con-
sistent with those in previous studies [50,65].

To clarify the roles played by different elements in modifying the
band structure, we first calculated the CN—NB, with the results given in
Fig. 5. Compared to g-C3N,, similar contribution proportion C/N orbi-
tals was observed on CN—NB. However, the CB edges of both C and N
contributions were lowered, with the former being more significant.
The contribution to CB from the orbitals of newly added elements, e.g.,
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Fig. 6. (a) Photoluminescence spectra, (b) EIS, (c) photocurrent, and (d) ESR signals of the synthesized catalysts.

Cl and O, is negligibly small. N and O contributions to the VB starts
immediately below the VB edge, while Cl and O contributions begin at a
lower area < —1eV. The optimized crystal structure of P—CN—NB
from DFT calculation is shown in Fig. Se. Both C and N orbital con-
tributions are further lowered above the CB edge, with a significant
portion located below 2eV, resulting in a further narrowing of the
band-gap (Fig. 5f). Interestingly, P orbitals also have a no-negligible
contribution to the CB. A portion of the P contribution was found to be
also located below 2 eV, which helped to push the narrowing of the
band-gap (Fig. 5g). In terms of band contributions, similar to the si-
tuation on the pristine g-C3N, and CN—NB, 2p bands from C, N, and 3p
band from P are the predominant sources (Fig. 5h) which push the CB
band edge downwards. From the DFT calculations, incorporating O and
Cl resulted in the band-gap being reduced from 2.52 eV of pristine g to
2.10 eV on CN—NB (Fig. 5b), and the substitution of one C atom by a P
atom resulted in a further decrease in the band-gap energy from 2.1 to
1.66 eV in P-CN—NB (Fig. 5f). The trend is consistent with the in-
creasing absorption tail of the CN—NB and P—CN—NB (Fig. 4a).

In addition to the narrowed electronic band-gap structure, the P
doping was expected to influence the process of charge transfer, which
can be explored by PL, EIS, and photocurrent response. The carbon
nitride prepared at a low temperature exhibited a dramatically wea-
kened PL intensity than that of pristine g-C3N, (Fig. 6a). The strong
emission peak centered at 460 nm of g-C3N, was because of the band-
to-band recombination electron-hole pairs. Besides, CN—NB exhibited
obvious blue-shift of PL. maximum, which can be assigned to the dis-
ordered stacking in the layers. The incorporation of P showed a slight
lower emission peak than that of CN—NB, but no shift of position was
observed. In general, a large arc radius in the EIS indicates a higher
resistance value, corresponding to the inefficient separation of photo-
induced electrons and holes. Although the g-C3N4, CN—NB, and P-CN-
NB-2 exhibited similar Nyquist plots (Fig. 6b), CN—NB and P-CN-NB-2
samples had a significantly smaller diameter, suggesting that CN—NB

and P-CN-NB-2 possess more efficient charge separation. Moreover,
after the doping of the P element, the P-CN-NB-2 exhibited a much
higher photocurrent intensity than that of g-C3N, and CN—NB under
solar light irritations. Furthermore, EPR measurement shows that the
tensor parameter (g) of g-C3N4,, CN—NB, and P-CN-NB-2 are 1.9995
(Fig. 6d). Usually, the stronger intensity of EPR signals will induce more
unpaired electrons and result in a better electronic band structure.
Therefore, P-CN-NB-2 possessed many unpaired electrons and a better
electronic band structure than that of g-C3N4 and CN—NB.

Fig. 7a shows the photocatalytic activities toward HBA degradation
on the prepared samples. With the visible light irradiations, the HBA
degradation efficiency of g-C3N4 was very low, and CN—NB showed
33.1% efficiency toward HBA degradation with 120 min reaction. No-
tably, the optimized P-CN-NB-2 exhibited 77.3% HBA removal. The
enhanced photocatalytic activity may be owing to the narrowed band-
gap enabling the improved light absorption ability, the more efficient
electron-hole separation, and the downward of the VB. In addition, the
apparent rate constant (k) value (Fig. 7b and c) toward HBA degrada-
tion of P-CN-NB-2 was higher, about 2.8 and 66 times than that of
CN—NB and g-C3N,, respectively. To the best of our knowledge, the
enhanced degradation performance was higher than most reported g-
C3Ny-based composites in the degradation of refractory pollutants
(Table S4). This result shows that the incorporation of P improved the
photocatalytic activity of carbon nitride significantly. In addition, the
mineralization ability towards HBA of P-CN-NB-2 was further evaluated
by the TOC analysis. As shown in Fig. S7, after 120 min reaction under
visible light irradiations, a 31.5% removal efficiency was achieved by
the P-CN-NB-2, which was much higher than g-C3Ny4. This results in-
dicated that P-CN-NB-2 possesses a strong oxidation ability that can
achieve efficient TOC removal by mineralization.

The HBA photodegradation stability of the P-CN-NB-2 (Fig. 7d) was
tested by repeated use of the catalyst for several times. After four suc-
cessive runs, the photocatalytic activity of the P-CN-NB-2 catalyst
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remains nearly the same, indicating that P-CN-NB-2 is a stable catalyst
and can be used repeatedly for the wastewater treatment. To illustrate
the anti-oxidation ability of N-P bonding, we carried out the XPS
analysis of the used P-CN-NB-2 (Fig. S8). For the P2p of the used P-CN-
NB-2, only minor change in P—N bond was found, indicating the sta-
bility of P—N bond. The results were also in accordance with that of
recycling tests.

The experimentally observed enhancement in the apparent rate

constant in CN—NB and P—CN—NB may be explained by the difference
in the HOMO and LUMO configurations. Within the plain g-C3N, (Fig.
S9), the orbitals of both HOMO and LUMO distributed reasonably
homogenously, with a large separation between the orbitals of different
atoms. In contrast, the HOMO orbitals in both CN—NB and P—-CN—NB
are highly asymmetric (Fig. 8a and b), with that of the former con-
centrated on the right-hand side, and that of the latter on the left-hand
side. Once the electrons are elevated into LUMO orbitals, significant
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Fig. 9. (a) H, evolution efficiency of the prepared samples, (b) ESR spectra in the presence of HBA, (c) photocatalytic degradation of HBA of the P-CN—NB in the
presence of TEOA and TBA, and (d) schematic illustration of the proposed mechanism for the P-CN-NB-2 system.

changes are observed. For CN—NB, orbitals become more evenly dis-
tributed with an improved separation (Fig. 8c). More interestingly,
within P-CN—NB orbitals are shifted into the left-hand side, and the
separations between orbitals of different atoms are significantly re-
duced (Fig. 8d). The charge carriers (electron-hole pairs) are distributed
more uniformly and intimately on the right-hand side channel, which is
beneficial for the charge carrier transport and electron-hole separation.
Hence the DFT results are consistent with our experimental ones in that,
both CN—NB and P—CN—NB have better catalysis efficiency, and the
enhancement in the latter is much more significant.

Furthermore, the hydrogen evolution efficiency of the prepared
samples was evaluated under the visible light irradiations (Fig. 9a). On
g-C3Ny4, about 297 pmol gf1 h~! H, can be produced. However, the H,
production amount of CN—NB and P—CN—NB was lower than that of g-
C3Ny4. This phenomenon can be attributed to the deeper CB edge of
CN—NB and P—CN—NB. Therefore, the reduction ability of CN—NB and
P—CN—NB is weaker. It should be noted that the H, evolution efficiency
of P-CN-NB-1 was about 1.8 times of CN—NB and P-CN-NB-2, sug-
gesting that proper P dopant can enhance the photocatalytic H, pro-
duction. In general, adequate P doping can improve both the oxidation
and reduction efficiency.

To shed light onto the photocatalytic mechanism of the P-CN-NB-2,
electron spin resonance (ESR) and trapping experiments were carried
out. During the ESR process, we simulated the same reaction condition
except for the addition of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) as
a trapping agent. As shown in Fig. 9b, after the visible light irradiations
for 10 min, four peaks with the intensity ratio of 1:2:2:1 were found,
suggesting the typical signal of ‘OH. This phenomenon indicates that
'OH may be the active species in the photocatalytic degradation of
HBA. In addition, we carried out the quenching experiments to further

detect the active species (Fig. 9c). During the process, IPA (0.02 M) or
TEOA (0.01 M) were selected as an "OH scavenger or an h™ scavenger,
respectively. When the IPA was added into the solution, the photo-
catalytic activity of P-CN-NB-2 decreased slightly from 77.3% to 45%.
However, after the addition of TEOA (0.01 M), the HBA degradation
efficiency reached nearly zero. The above results indicated that both
‘OH and h* participated in the degradation, and h* played a crucial
role in the process of degradation of HBA.

On the basis of the above ESR analysis, trapping experiments re-
sults, and the band structure (Fig. 4d) of P-CN-NB-2, a tentative me-
chanism of the P-CN-NB-2 for HBA degradation was proposed (Fig. 9d).
With the irradiations of the visible light (A > 420 nm), the electrons
and holes were produced, during which electrons were motivated to the
CB, and creating holes on the VB. The position of reducing O, to 'O~
was located at about —0.33 eV, which is more negative than the CB of
P-CN-NB-2 (-0.04 eV). Therefore, ‘O, may not be produced in this
system. Besides, only a slight amount of H; can be detected, which can
also be ascribed to the position of the CB band. Simultaneously, holes as
a strong oxidant can directly degrade pollutants. Meanwhile, holes can
also be transformed to 'OH since the VB position of P-CN-NB-2
(2.15 eV) was more positive than that of h™/—OH (1.99 eV).

4. Conclusions

In summary, we synthesized P doped carbon nitride with a nanoblet
structure via a one-step solvothermal approach. The doped photo-
catalyst exhibited about 66 times enhanced apparent rate constant on
HBA degradation than bulk g-C3Ny4, much higher than most reported g-
C3Ny-based photocatalysts. Such an increased activity can be attributed
to the introduction of P, which helps to extend the absorption
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threshold, to enhance the conductivity, to tune the electronic band
structures, to tailor the morphologies, and to facilitate the separation of
electron-hole pairs. The DFT results for HOMO and LUMO indicated
that the configurations within P-CN—NB are more favorable for the
charge carrier transport and electron-hole separation, hence they sup-
port the observed enhancement in the catalyst efficiency of P-CN—NB.
Calculation results also suggested that the narrowing of the band-gap
on P—CN—NB was mainly driven by the contribution from the 2p bands
in C, N, and 3p band in P dopants. This work provides a new concept for
the synthesis of P doped carbon nitride nanobelt via a solvothermal
method. It is expected that similar approaches can be developed to
prepare heteroatom doped catalysts with various novel compositions,
which will significantly enhance photocatalytic capabilities for en-
vironmentally friendly applications.
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