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ABSTRACT By adjusting the type and proportion of doping elements in the g-CsNs-

based photocatalyst, the internal electric field (IEF) strength of the semiconductor can © w0, TC(BPA S——

be regulated. This can effectively enhance the driving force of charge separation in ; \ (J'Oz") gLt

the photocatalytic process. It is found that the introduction of appropriate concentra- HZO/H;._/ Ve LA

tion of Bi and S into the skeleton structure of g-C3N,4 can achieve efficient degradation
of tetracycline (TC) and other pollutants in the liquid environment and excellent pho- A
tocatalytic H, evolution performance (1139 umol-L*-h'%). Since the prepared samples
have similar crystal structures, the relative strength of IEF can be calculated. It can be
used as the basis for adjusting the IEF strength of g-CsNs-based semiconductor by
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element doping. In addition, the Bi and S co-doped g-C3;N, samples after solvothermal
reflux show good chemical stability and can reduce the nanostructure defects caused by co-doping of heteroatoms, thus it provides a novel
solution for the construction of g-CsN4-based dual-function photocatalyst with high activity and stability.
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n INTRODUCTION

It is well known that the internal electric field (IEF) as an electric
field formed spontaneously inside the semiconductor material is
not limited by the material form, and there is no additional energy
consumption.i*-® Recently, studies have shown that emerging IEF
engineering can play an important role in the field of photocataly-
sis.["19 |t can not only improve the efficiency of charge carrier sep-
aration in single catalysts, but also induce the diffusion and mi-
gration of carriers between the contact interfaces of composite
catalysts.*4 However, IEF is immobilized and easily saturated,
so its ability to promote photocatalysis is still limited. In response
to this, Zhu et al.l*¥ proposed several strategies to enhance IEF
based on the generation pathway and the mechanism of the ac-
tion of IEF: |. The structure of the unit cell can be changed to en-
hance IEF; Il. High electronegativity elements can be doped to
enhance IEF; Ill. Heterojunction can be constructed to enhance
interfacial IEF; IV. IEF can be improved under suitable external
field conditions. It is worth noting that in single-component cata-
lysts, in addition to adjusting the local IEF in the unit cell by meth-
ods such as crystal plane engineering,*6! a small amount of ex-
ternal heteroatoms can also be introduced to change the charge
distribution in the bulk phase of catalyst, thereby generating elec-
tron acceptor center and electron donor center, which eventually
leads to the enhancement of IEF.[17-20

As organic semiconductors have received increasing attention
in the field of photocatalysis, understanding the source and en-
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hancement strategies of their IEF has become a critical task.[?*-2]
Since the organic compounds can adjust the structure by adding
substituent groups, and the electronegativity of the substituent
groups has an important influence on the electron distribution and
molecular dipole of organic molecular photocatalysts, the mole-
cular dipole and IEF can be effectively enhanced by selecting ap-
propriate substituents and improving the crystallinity and uni-
formity of organic semiconductors.?%2°1 As an organic semicon-
ductor material, g-C3sN,4 is mainly composed of light elements such
as C, N, and H, and has a van der Waals layered structure. It has
been widely used in photocatalysis, electrocatalysis, and other
fields in recent years.®%34 However, g-C3N4 prepared by tradi-
tional thermal condensation and other methods has the shortcom-
ings such as low crystallinity and fast photogenerated carrier re-
combination. Therefore, various modifications are often per-
formed on g-CsN4, including morphology control, enhancement of
crystallinity, modulation of electronic structure by heteroatom dop-
ing, etc.[5-38 Among them, doping heteroatoms into the lattice of
g-CsN4 is not only an effective way to improve visible light absorp-
tion, but also can significantly enhance the |EF strength and realize
the spatial separation of photogenerated electron-hole pairs.[3%-41
The optimization and modification of catalysts by doping with
different elements is a common method®. The activity of g-C3N,4
can be improved by introducing non-metal elements such as O, P,
S, etc.*?47 Yang et al.l“®! formed an IEF in g-C3N,4 nanosheets by
co-doping O and N, which significantly enhances the lifetime of
photogenerated carriers and inhibits the recombination of them.
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Figure 1. XRD patterns of as-prepared samples (a); Partially enlarged
view (2 Theta at 24°-30°) (b); FTIR (c) and UV-Vis DRS (d) spectra of as-
prepared samples.

In addition, there are also works on optimizing the electronic struc-
ture and photocatalytic performance of g-CsN4 by doping metal
elements such as Co, Cu, Ni, and so on.**%1 For example, Ye et
al. successfully fabricated a highly dispersed Co, O co-doped
porous g-CsNs heterostructure (Co-O@CN), which can com-
pletely degrade ofloxacin within 20 min. Among them, the syner-
gistic effect of Co and O realizes the reconfiguration of the intrinsic
electronic structure of g-C3N4 and effectively improves the stability
of the catalyst.

In order to enhance the IEF of g-C3N4 and improve the carrier
dynamics, Bi and S co-doped g-CsN4 photocatalyst with strong
visible light absorption and high carrier separation efficiency was
synthesized by a two-step heating method. By doping with non-
metallic S and Bi elements, the electronic structure of g-C3N4 is
modified and improved, and the performances of photocatalytic
degradation and H, production are significantly improved. It first
quantitatively characterizes the strength of IEF in the experi-
mental analysis of co-doped g-CsN4, which provides an important
reference for that element co-doping can control the IEF of g-
CsNs-based photocatalysts. In addition, this study provides a
deeper understanding of the catalytic mechanism of g-CsNg-
based photocatalysts and its structure-activity relationship for the
efficient utilization of solar energy for photocatalytic degradation
and H, production.

n RESULTS AND DISCUSSION

Structure and Morphology Characterization. The crystal struc-
tures and phases of the prepared SCN, BiCN and 10 BSCN sam-
ples were analyzed by XRD. The XRD peaks of g-CsN4 at 13.1°
and 27.5° are attributed to its (100) and (002) planes, compared
to the JCPDS card (PDF#87-1526).15%1 Figure 1a shows two dis-
tinct peaks of SCN, of which the peak at 12.9° is attributed to the
(100) plane formed by the packing of 3-s-triazine units in a planar
structure, and the strong one at 26.9° is caused by the (002) crys-
tal plane of SCN, corresponding to the interlayer stacking of C-N
conjugated aromatic heterocycles, which proves that the doped
sample still maintains the basic structure of g-CsN4. The XRD

2206070

© 2022 fjirsm, CAS, Fuzhou

S Chinese Journal of
tructural Chemistry
characteristic peak of SCN is blue-shifted relative to the standard
peak of g-C3N4, which indicates that the interlayer spacing of SCN
prepared by the two-step heating method increases compared
with that of g-C3N4, which may be caused by the doping of S at-
oms.[ As the atomic radius of S is larger than that of C and N,
the lattice distortion of g-CsNa4 crystals occurs after doping with S
atoms. In contrast, the XRD peak of BiCN is located at 27.1°,
which is weaker than the blue shift of SCN due to the less doping
of Bi element, resulting in less lattice distortion of BiCN. Figure 1b
is a partially enlarged view of Figure 1a. In the XRD pattern of 10
BSCN, the high-intensity diffraction peak appears around 27.5°,
indicating that the (002) crystal plane of BSCN sample slightly
shifts to a high angle after calcination and reflux operation. This
may be due to the adsorption of BSCN sample during the reflow
process, which increases the stacking degree of aromatic hetero-
cycles, reduces the distance between nanosheets, and promotes
the charge transport between the interfaces. According to the
conjugation length of triazine repeating structure, the (100) plane
intensity of the reflowed sample decreases, indicating that the
crystal plane changes from a long-range conjugated structure to
a short-range conjugation. In addition, due to the high dispersibili-
ty and low contents of Bi and S elements, no peak of Bi, S, and
Bi,S; was found. 56!

To further determine the structure of the prepared samples,
FTIR analysis was performed on SCN, BiCN and X BSCN. As
shown in Figure 1c, the FTIR spectra proved that the elemental
doping of Bi and S did not damage the basic structure of g-C3Na.
Among them, the peak at 813 cm™ is attributed to the bending
vibration of the triazine ring, the 1100-1750 cm? region corre-
sponds to the typical heterocyclic stretching vibration of g-CsNa,
and the absorption peak is a broadband near 3345 cm™ corre-
sponds to the residual N-H, N-H; in the sample and the adsorption
of water molecules in the air.[5”1 The absorption peaks at 813 and
3345 cm™? in X BSCN gradually weaken with the increase of Bi
doping content, and the peak at 813 cm™* becomes sharper. This
is precisely due to that the incorporation of Bi and S into the lattice
of g-C3N4 increases the bonding ability of X BSCN and improves
the stability of the catalyst.’%® In addition, no other impurity peaks
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Figure 2. XPS survey spectra of C 1s (a), N 1s (b), Bi 4f (c) and S 2s (d)
of sample 10 BSCN.
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Figure 3. TEM (a-b), HRTEM (c) and EDS (d) of 10 BSCN; Elemental
mapping of C, N, S and Bi (e-h).

were found in all samples, indicating that the samples are of high
purity. Figure 1d is the UV-Vis DRS map of SCN, BiCN and X
BSCN. With the increase of Bi content, the red-shift of the absorp-
tion edge of X BSCN is obviously enhanced because the lattice
distortion will occur after Bi and S are successfully doped into g-
CsN4, which can effectively improve the response range of spec-
trum.

The element species and valence states of 10 BSCN were an-
alyzed by XPS.5 Figure 2a is the C 1s spectrum, in which the
peaks of binding energy at 284.8, 286.1, and 288.0 eV correspond
to the C-C, C=N and N-C=N bonds, respectively. Figure 2b is the
N 1s spectrum, in which the characteristic peaks at 398.6, 399.8,
and 401.1 eV are attributed to C=N-C, N-(C); and N-H bonds.
Figure 2c is the XPS spectrum of Bi 4f, the binding energy is 158.9
eV, and the characteristic peaks at 164.2 eV correspond to Bi 4f7,
and Bi 4fs/,, indicating that Bi exists mainly in a trivalent state. As
shown in Figure 2d, the S 2s orbital can be fitted as a characte-
ristic peak with lower energy at 225.7 eV, corresponding to the C-
S bond. According to XPS analysis, the doped Bi and S elements
mainly exist in the form of Bi®* ions and C-S bonds, respectively,
further indicating that the doping of Bi and S elements.

The morphology and structure of 10 BSCN were characterized
by TEM, and the elemental mapping was analyzed by EDS. It can
be seen from Figure 3a that the prepared BSCN photocatalyst
exhibits a porous 2D nanosheet structure with good dispersibility,
indicating that the 2D sheet structure of the original g-CsN, is not
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changed after Bi and S doping. As shown in Figure 3b, the layer-
by-layer structure of the samples can be observed, which means
that BSCN has a higher specific surface area, which is very bene-
ficial to improve the light absorption capacity and pollutant adsorp-
tion performance. It can be seen from the HRTEM images of
Figure 3c that the lattice fringe of 10 BSCN is about 0.325 nm,
corresponding to the (002) crystal plane. This indicates that BSCN
retains fine crystalline properties, which helps to enhance the IEF
and improve the transport efficiency of photogenerated carriers.
In particular, the element content was detected for the Area #1
microscopic selection (Figure 3a), and the corresponding spec-
trum was obtained (Figure 3d). In addition, EDS elemental spec-
tra were collected (Figure 3e-h), which shows that the composites
contain a large amount of C and N elements and trace amounts
of Bi and S elements, which indicates the successful preparation
of BSCN composites.

Photocatalytic Performance. The photocatalytic degradation
experiments of TC and BPA were carried out. As shown in Figure
4a, the TC photodegradation activity of co-doped X BSCN photo-
catalyst is significantly higher than that of single-doped SCN and
BiCN. Among them, 10 BSCN has the highest photodegradation
rate of TC, indicating that appropriate amount of Bi and S co-dop-
ing can significantly improve the photocatalytic degradation of TC.
In addition, kinetic equations were obtained by linear fitting trans-
formation (Figure 4b), where k is the apparent rate constant for
the degradation of TC by the photocatalyst.[5% After 60 min of irra-
diation, the apparent rate of photodegradation for TC by sample
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Figure 4. Photocatalytic degradation efficiency of TC (a) and apparent rate
constant of linear fitting (b); Photocatalytic degradation efficiency of BPA
(c) and apparent rate constant of linear fitting (d); The effects of initial pH
value on the photocatalytic degradation of TC (e) and BPA (f).
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Table 1. HER of the As-prepared Samples with Other Published Similar Catalysts
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Catalyst sample Light source (A > 420 nm) Sacrificial agent H. production rate (umol-g2-ht) Ref.
10 BSCN 300 W Xe lamp methanol 1139 This work
LaCoOs/g-CsNa 35 W HID Xe lamp methanol 200 [37]
Co-La/g-C3N4 35 W UV-Vis Xe lamp methanol 250 [50]
3Ru-TisAIC2/g-C3N4 300 W Xe lamp methanol 1445 [61]
NisC@Ni/g-C3sNa 350 W Xe lamp TEOA 1120 [62]
Cu(OH)2/g-C3N4 150 W Xe lamp TEOA 187 [63]
SS-CN 300 W Xe lamp TEOA 982.33 [64]

10 BSCN reaches 0.03944 mint, which is 1.73 times that of SCN
and 2.45 times that of BiCN, respectively. In addition, as shown in
Figure 4c, after 90 min of visible light irradiation, the photodegra-
dation rate of 10 BSCN to BPA reaches 75.7%, and its photocata-
lytic degradation activity is significantly improved compared with
SCN and BIiCN. It can be seen from Figure 4d that sample 10
BSCN has the largest k value, which is 0.01544 min™. In addition,
the effect of the pH of reaction solution on the photocatalytic per-
formance was also investigated. As shown in Figure 4e-f, sample
10 BSCN exhibits remarkable photocatalytic degradation activity
under neutral conditions. According to the above experiments, the
proper introduction of Bi and S can improve the ability of photo-
catalytic degradation of organic pollutants.

The photocatalytic performance of the prepared samples was
also evaluated by water splitting experiments for H, production.
As shown in Figure 5a, the 10 BSCN sample with better degrada-
tion activity also exhibits significant photocatalytic H, evolution ac-
tivity under visible light irradiation. Its H, evolution efficiency is
1139 umol-g*-h, which is 2.5, 1.8 and 2.4 times that of CN, SCN
and BiCN. This may be mainly attributed to the introduction of Bi
and S, promoting the adsorption of hydrogen species on the g-
CsN4 nanosheets, which in turn exhibits excellent HER activity. To
illustrate the stability of the 10 BSCN photocatalyst, the photo-
catalytic performances of SCN, BIiCN, and 10 BSCN were all per-
formed in triplicate (Figure 5b). Among them, 10 BSCN still shows
stable HER activity, indicating that Bi and S co-doping can effec-
tively improve the photocatalytic activity.

The H; production performance of X BSCN photocatalyst was
compared with that of other published similar g-CsNs-based ma-
terials, as shown in Table 1. The H; evolution efficiency of 10
BSCN also reaches a high level. Furthermore, an excellent pho-
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Figure 5. Hz production rate of different photocatalysts under visible light
irradiation (a); Cycle curve of hydrogen evolution of SCN, BiCN and 10
BSCN (b).
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tocatalyst should have not only broad spectrum but also good sta-
bility. To this end, cycling experiments for the degradation of TC
were carried out on 10 BSCN. As shown in Figure 6a, after three
cycles, the photocatalytic degradation efficiency of TC by 10
BSCN decreases slightly, which may be caused by the loss of the
sample during separation and recovery. Nonetheless, after three
cycles, the photocatalytic degradation efficiency of TC by 10
BSCN still reaches 89.4%. Subsequently, the XRD, FTIR and UV-
Vis DRS of the 10 BSCN samples before and after the cycling
stability test were examined (Figure 6b-d), showing the cyclic pho-
tocatalysis experiment has little effect on the crystal structure,
functional group structure and light response range of the photo-
catalyst. In other words, the 10 BSCN sample synthesized by re-
flux self-assembly maintains quite excellent photocatalytic perfor-
mance and structural stability during the photocatalytic process.

Analysis of the Photocatalytic Mechanism. Under visible light
irradiation, related photoelectrochemical experiments were car-
ried out on SCN, BiCN and X BSCN, and the effects of Bi and S
co-doping on the activity of g-CsN4 photocatalyst are further dis-
cussed from the perspective of carrier separation and charge
transport. Generally, photocatalysts with high separation rate and
high mobility will transport more electrons and holes to the surface
of the material, so that the carbon sheet electrode loaded with this
photocatalyst can detect a larger photocurrent.[556 As shown in
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Figure 6. Cycle experiment of photodegradation for TC by sample 10
BSCN (a), XRD (b), FTIR (c) and UV-Vis DRS (d) of 10 BSCN photocata-
lyst before and after the cycle stability experiment.
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Figure 7. Transient photocurrent curves (a) and EIS (b) of SCN, BiCN and
X BSCN.

Figure 7a, the curves appear jitter after light irradiation, which can
be attributed to the interference of background light and the rota-
tion of the rotor. The photocurrents of BICN and SCN under visible
light irradiation are relatively small, while that of X BSCN shows a
trend of first increasing and then decreasing with the increase of
doping amount, which proves that the charge separation within or
on the surface of the catalyst is more rapid. Similar results can
also be obtained from EIS (Figure 7b). In EIS curve, the smaller
the radius of the arc, the smaller the corresponding charge trans-
fer resistance of the material. 10 BSCN shows the largest photo-
current and the smallest charge transfer resistance because Bi
and S effectively enhance the strength of the IEF, which in turn
enables the catalyst to obtain faster carrier separation and migra-
tion rates.

In addition, the energy band position of X BSCN can be deter-
mined by Mott-Schottky (MS) curve and Tauc plot curve. Figure
8a-e show the measured flat-band potential values of SCN, BiCN
and X BSCN at frequencies of 0.5, 1.0 and 1.5 kHz, respectively.
After conversion, the Erg of SCN, BICN and X BSCN are about
-1.77, -1.65, -1.89, -2.04, and -2.28 V, respectively (vs. NHE, pH =
7). In addition, the straight lines of the measured MS curves have
positive slopes, indicating that they are all n-type semiconductors.
Generally, the bottom value of the conduction band of n-type semi-
conductors is approximately equal to the flat band potential, so it is
approximately considered that the potential values of the lowest
molecularly unoccupied orbital (LUMO) of the prepared samples,
ELumo, are -1.77, -1.65, -1.89, -2.04 and -2.28 eV, respectively.
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Figure 8f is a Tauc plot transformed based on the UV-Vis DRS
curve of Figure 1d. The band gap values (Eg) of SCN, BIiCN, 5
BSCN, 10 BSCN and 15 BSCN are 2.61, 2.70, 2.50, 2.44 and
2.32 eV, respectively. Then, the potential values of the highest
molecularly occupied orbital (Exomo) of each sample can be cal-
culated to be 0.84, 1.05, 0.61, 0.40 and 0.04 eV, respectively.

Figure 9a is the energy band structure diagram of the prepared
samples SCN, BiCN and X BSCN after summarizing. It can be
seen that different Bi and S doping has a great influence on the
band gap structure of the g-C3sN4 photocatalytic material. Among
them, BICN has a wider band gap due to less doping; the band
gap of SCN is relatively narrow, and the LUMO orbital position
also moves up accordingly; while with the increase of Bi doping
amount, the band gap of X BSCN gradually narrows, and the con-
duction band position also moves up, resulting in a strong reduc-
tion ability. However, with the narrowing of the band gap, the re-
combination rate of photogenerated electron holes increases,
which may lead to the weakening of the degradation performance.
Previous studies on photocatalytic degradation activity also
proved that appropriate amount of Bi and S doping can greatly
improve the photocatalytic performance. In order to explore the
relationship between Bi/S co-doping and |IEF, the Kanata model is
used to perform related experimental characterization and calcu-
lation of the IEF intensity of the prepared samples based on the
IEF characterization method proposed by Zhu et al.’l. The
Kanata model demonstrates that the strength of IEF is determined
by the surface potential and surface charge density.
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Figure 8. MS curves of SCN (a), BiCN (b), 5 BSCN (c), 10 BSCN (d) and 15 BSCN (e); Tauc plots of prepared samples (f).
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Figure 10. Free capture curves of 10 BSCN in TC degradation experiment
(a); ESR detection of 10 BSCN under dark and visible light irradiation (b-d).

Fs = (-2Vsplegp)t? (@)

Where F; is the IEF amplitude, Vs is the surface potential, p is the
surface charge density, ¢ is the low-frequency permittivity, and &
is the vacuum permittivity. It can be seen from the above formula
that the size of IEF is mainly determined by the surface potential
Vs and the surface charge density p. The surface potential Vs can
be characterized by the open circuit potential, and the surface
charge density p can be determined by the Zeta potential. Figure
9b shows the open circuit potential (vs. NHE) and Zeta potential
values of each photocatalyst, and the resulting relative IEF inten-
sity values are then estimated by substituting into Formula (1).
The IEF intensity of BiCN is normalized to 1.0, and the relative
values of IEF intensity of SCN, 5 BSCN, 10 BSCN and 15 BSCN
are 2.3, 3.5, 4.5 and 4.1, respectively. Combining with the above
degradation effects, it can be further inferred that Bi/S co-doping
can effectively tune the IEF intensity, thus endowing 10 BSCN
with a strong IEF, which enhances the photocatalytic activity by
promoting the generation and separation of the photogenerated
carriers.

Figure 10a is the radical capture experiment performed with 10
BSCN as the photocatalyst and TC as the target pollutant. After
60 min of visible light irradiation, the photocatalytic degradation
efficiency of TC by 10 BSCN in the blank group reaches 90.6%,
while the degradation efficiency of TC in the experimental group
added with IPA, AO or p-BQ before the reaction is only 81.6%,
64.8% and 53.1%, respectively. The photocatalytic performance
of the experimental group is significantly inhibited. Among them,
the experimental group with IPA added has little effect on the
removal of TC. The reason is that the redox potential Exomo
corresponding to the HOMO of the 10 BSCN photocatalyst is
smaller than that of Eon.on (2.29 V vs. NHE), which makes it
difficult to generate -OH. In addition, the ESR detection results
also confirm the existence of -OH, h* and -O;" radicals in the 10
BSCN photocatalyst. As shown in Figure 10b-d, no -OH and -O»
signals are observed under dark conditions. However, the signal
intensities of them increase significantly after light irradiation. The
signal of h* decreases significantly after irradiation, which indica-

2206074

© 2022 fjirsm, CAS, Fuzhou

S Chinese Journal of
tructural Chemistry

vs. NHE, pH=7

Ho I
) N O TC/BPA

o - °
H, o w( -0,
y 'S - Products
° - 9

8

-2.04 eV

-0.41 eV
-0.33 eV

0.40 eV

@ Bi
oS
e cC
@ N

Figure 11. Photocatalytic mechanism of the Bi and S co-doped g-CaNa.

tes that part of h* can participate in the photocatalytic reaction, so
as to enhance the -OH signal.

Based on the above results and discussions, a possible photo-
catalytic reaction mechanism of 10 BSCN is proposed (Figure 11).
First, the unique porous ultra-thin sheet structure of g-CsN4 en-
dows the catalyst with considerable advantages in photo redox
reactions, such as more exposed surface-active sites, shortening
the migration distance from bulk to surface, and promoting trans-
fer of reactants and products. Secondly, the doping of appropriate
amount of Bi and S can greatly improve the in-plane mobility of
photogenerated carriers along the in-plane direction. At the same
time, the higher IEF enables more electrons and holes to be sepa-
rated and provides a stronger driving force for their transfer from
the bulk to the surface. In addition, a more negative conduction
band potential can make the photogenerated electrons have a
higher kinetic overpotential, which in turn promotes the efficient
generation of the photogenerated electrons, and finally achieves
the purpose of degrading organic contaminants and water splitting.

n CONCLUSION

In conclusion, a template-free self-assembled Bi and S co-doped
g-C3N4 sample was successfully synthesized by two-step ele-
vated temperature calcination and solvothermal reflux method,
and the sample showed robust catalytic activity and stability in the
degradation of TC, BPA, and the water splitting reaction for hydro-
gen evolution. Among all the synthesized samples, 10 BSCN ex-
hibited the best photocatalytic degradation and hydrogen evolu-
tion rates. That is, under visible light irradiation, the TC degrada-
tion rate constant is 0.03944 min?, and the HER rate is 1139
pumol-g*-ht. This dramatic improvement in catalytic performance
is attributed to the widening of the light response range, the maxi-
mal utilization of reactive sites, and the synergistic advantage of
providing a strong internal driving force for the separation and
rapid migration of photogenerated carriers. In addition, this work
also provides a novel solution for the construction of highly active,
stable, and inexpensive g-CsNj-based materials by heteroatom
doping, which can be expected to be widely used in photocata-
lysis, photoelectrocatalysis, and other related fields.
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Experimental Reagents

Experimental Reagents. Urea (Shantou Xilong Scientific Co.
Ltd., Shantou, China), thioacetamide (Tianjin Kemio Chemical
Reagent Co. Ltd., Tianjin, China), bismuth nitrate pentahydrate
(Shanghai Macklin Biochemical Co., Ltd.), glycerol (Shantou Xi-
long Scientific Co. Ltd., Shantou, China), ethanol (Shantou Xilong
Scientific Co. Ltd., Shantou, China). All reagents were analytically
pure and used without further purification.

Preparation of the Samples. The preparation of S doped g-C3N,4
(SCN) was performed according to the published paper.67 In the
preparation process of Bi and S co-doped g-C3N4, a certain
amount of Bi(NO3) 3-5H,0 and 15 g urea were added to 20 mL of
deionized water, which was magnetically stirred at 50 °C for 0.5 h.
100 mg of TAA was added to continue stirring for 0.5 h until the
solution turned amber and then the same calcination procedure
was done as SCN. After cooling to room temperature, it was
ground, sieved, and thoroughly washed with water and ethanol,
then the Bi and S co-doped g-CsN, yellow powder was obtained
after drying. The obtained products were named X BSCN, where
X represents the different addition amounts of Bi sources, which
are 5, 10, and 15 mg, respectively. For comparison, Bi doped g-
CsN4 (BICN) powder was prepared under similar conditions by
adding 10 mg of Bi source and 15 g of urea to 20 mL of deionized
water.

Characterization

The phase composition of photocatalysts was characterized by
Bruker D8 Advance X-ray diffraction (XRD) with Cu Ka (A =0.1541
nm) radiation. The microstructures and mapping were observed
by the FEI Talos F200X transmission electron microscopy (TEM)
with energy dispersive X-ray spectrometer (EDS). The infrared
spectra including the structural composition and chemical func-
tional groups of the samples were obtained by Nicolet NEXUS
670 spectrometer (Thermo Co. Ltd., Madison, WI, USA). The
chemical states were analyzed by the Shimadzu Axis Ultra DLD
X-ray photoelectron spectroscopy (XPS) with Al Ka radiation. The
ultraviolet visible diffuse reflectance spectroscopy (UV-Vis-DRS)
was detected by the Shanghai Metash UV-9000 ultraviolet visible
spectrophotometer equipped with an integrating sphere. Electro-
chemical analyzer with three-electrode system (Chenhua
CHI760E, Shanghai, China) was employed to analyze the photo-
electrochemical properties. In addition, Ag/AgCI electrode, Pt
sheet (20 x 20 x 0.1 mm?), and carbon paper coated with photo-
catalyst (1 x 1.5 cm?, HCP030 N, Shanghai Hesen, China) were
used as the reference electrode, counter electrode and working
electrode, respectively. A 300 W xenon lamp (PLS-SXE 300, Bei-
jing Perfect Light, Beijing, China) was used as visible light source
and 0.5 mol-L™* Na;SO, solution as electrolyte. Open circuit po-
tential time curve (OCPT), electrochemical impedance spectros-
copy (EIS), Mott Schottky (MS) and photocurrent response curve
were measured on an electrochemical analyzer. Electron spin
resonance (ESR) spectra were recorded on a JEOL FA-200 spec-
trometer. Zeta potential was measured on a ZetaProbe (Collidal
dynamics Co. Ltd., USA).
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Photocatalytic Performance Test

Photocatalytic Degradation of Tetracycline (TC) and Bi-
sphenol A (BPA). The photocatalytic degradation of TC (50 mg-L™?)
and BPA (20 mg-L?) was studied in a quartz reactor under visible
light. First, 50 mL of prepared TC or BPA solution was added, fol-
lowed by adding 50 mg of photocatalyst, and then the mixed so-
lution was stirred in dark for 0.5 h to achieve physical dynamic
adsorption equilibrium. Finally, the photocatalytic degradation ex-
periment of TC or BPA was carried out under the 300 W Xenon
lamp.

Photocatalytic H2 Production. First, 50 mg of the sample was
added to 90 mL of deionized water, and 10 mL of methanol was
added as a sacrificial agent. Then, N, was passed into the sealing
system for 1 h to ensure an anaerobic environment during the
photocatalytic water splitting process. A 300 W Xenon lamp (MC-
PF300, Beijing Merry Change Technology Co., Ltd) was used as
the light source. After 30 min of light irradiation, H» was collected
and analyzed by an automatic on-line vacuum photocatalytic sys-
tem (MC-SPB10, Beijing Merry Change Technology Co., Ltd) and
a gas chromatograph (GC9720Il, Zhejiang Fuli Analytical Instru-
ments Co., Ltd). High-purity N, was selected as carrier gas. The
samples were taken every 0.5 h to detect the concentration of H,
in the gas, and high-purity N> was bubbled every 2.5 h for 1 h to
conduct the photocatalytic H, production cycle test.

Photocatalytic Active Group Capture Experiment. P-benzo-
quinone (p-BQ, 0.1 mmol-L'Y), ammonium oxalate (AO, 10
mmol-Lt) and isopropanol (IPA, 10 mmol-Lt) were used as trap-
ping agents for -0y, h*, and -OH, respectively. The effects of ac-
tive intermediates during photodegradation on the performance of
photocatalysts were investigated.
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