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The metallic Fe() ion and nonmetallic S codoped g-C3N4 photocatalyst was synthesized through the
polymerization of melamine, ferrous chloride and trithiocyanuric acid (TCA) at elevated temperature. The
performance of Fe(i)—S codoped g-CsN4 compounds in RhB photocatalytic degradation was found to
increase 5 times. This significant enhancement in catalytic activity is probably related to the enhanced
visible light adsorption and the mobility of photoinduced electron/hole pairs, attributable to bandgap
narrowing and also lowering in the surface electrostatic potential compared to that of the pure g-CsNg4
nanosheets. XRD and XPS results indicate that the Fe species binds with N-atoms to form Fe—N bonds in
the state of Fe(i) ions. Fe() doping increases the specific surface area, and enhances the photoinduced

electron/hole pairs illustrated by PL, EIS spectra and transient photocurrent response measurements. The
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1. Introduction

Pollutant degradation and clean energy generation through
semiconductor photocatalysis have been important research
topics. Photocatalysis provides certain promising approaches in
water splitting for H, evolution and pollutant degradation using
solar energy directly and aroused considerable interest from
research experts in materials science and chemistry. It is a green
technology to decompose pollutants into innocuous molecules
via photocatalysis, without secondary pollution. However, there
are still several challenges, including low quantum efficiency
and insufficient visible light adsorption of photocatalysts.

The visible light photocatalysts based on graphene have
drawn great attention due to their good absorption perfor-
mance, excellent electrical conductivity and high specific
surface area.”™ However, the application of 2D graphene is
hindered by its zero band gap. The graphitic carbon nitride (g-
C3N,) has layered structure similar to graphene and possesses
an appropriate band structure and bandgap of 2.7 eV allowing it
to serve as a visible light driven photocatalyst for solar energy
conversion. It was found to have potential applications in water
splitting to generate H,, pollutant degradation and CO, reduc-
tion.®* The major issue related to g-C3;N, is the rapid combi-
nation of the photoinduced charge carriers, resulting in a low
quantum efficiency of photocatalytic reactions.
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carriers, thus enhancing the visible-light driven photocatalytic performance.

Great endeavors have been made to improve the perfor-
mance of g-C3;N, ever since its emergence as a photocatalyst.
One strategy was to fabricate nano/mesoporous structures with
a soft or hard template,”** further increasing the specific
surface area, and thus improving the photon absorption in the
visible light region. Another was to engineer the band structures
of g-C3N, catalysts to separate the electron/hole pair effectively
by coupling with metal particles,"*** doping metal or non-metal
elements,*?° and forming heterojunction with other semi-
conductors, such as ZnO, CuO, TiO, and CdS,**>* etc. The
studies of doping elements in g-C;N, revealed that anion ion
doping tunes the conduction band through the hybridization of
p-orbitals of doped element with the p-orbitals of matrix carbon
nitride, while cations adjusts the valence band by generating
a discrete band via 3d orbitals of transition metal elements.
Anion and cation codoping may enable us to modify the
conduction and valence bands simultaneously, thus tuning the
bandgap. Meanwhile, anion and cation codoping maintains the
charge balance in the g-C3;N, nanosheets, and stabilizes its
photocatalytic performance. In practice, complexity occurs in
specific cases related to different doping sites and variation of
valence state of transition metal elements. Therefore, further
experimental and theoretical investigations are essential to
develop high performance catalysts and gain deeper insight
into the mechanism of the enhanced photocatalytic perfor-
mance via metal and nonmetal element codoping.

In this paper, we synthesized a Fe(u) and S codoped g-C;N,
photocatalyst by calcifying melamine, ferrous chloride and
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trithiocyanuric acid and expatiated its mechanism by inter-
twining experimental observation and theoretical calculation.
The experimental results reveal that the Fe(n)-S codoped g-C3;N,
exhibits superior photodegradation for RhB under visible light
irradiation. Density functional theory (DFT) -calculations
demonstrate that the Fe(n) and S doping reduces the bandgap
and increases the reactive sites, facilitating the transfer of
photogenerated electron-hole pairs.

2. Experimental details

2.1 Synthesis of the pure, Fe(u) doped, Fe(u)-S codoped g-
N,

All chemicals used herein were analytical grade and used without
further purification. Melamine (C3HeNg, =99.5%), ferrous chlo-
ride (Fe(u)Cl,, =99%), and trithiocyanuric (C3H3N3S;, =95%)
were supplied by Sinopharm Chemical Reagent Co. Ltd.

In the typical experiment, iron(u) chloride (Fe(u)Cl,, 0.13 g)
was dissolved into 20 mL 3 M nitric acid. Then the solution was
fully mixed with 3 g melamine (dissolved in 60 mL methanol
solution with 50% water) inside a beaker and dried at 60 °C
overnight. The resulting white substance of 2.52 g was mixed
with 1.77 g trithiocyanuric acid (TCA). The mixture was ground
into powders, transferred to a silica crucible with cover, and
then heated at 550 °C for 2 h under nitrogen environment. The
resulting yellow powders were ground to produce Fe(u)-S
codoped g-C;N, samples (denoted as Fe(u)/S-g-CN). The Fe(u)
doped g-C3N, (Fe(u)-g-CN) was prepared in the same way
without TCA involved in the preparation process. The pure g-
C3;N, (g-CN) was synthesized by thermally heating melamine
(M) powder (2.56 g) at 550 °C for 2 h under nitrogen
atmosphere.

2.2 Characterization

Surface morphologies of the prepared samples were investi-
gated using a scanning electron microscope (SEM, JSE-7800F,
Jeol). Their crystalline structures were characterized by X-ray
diffraction (XRD) patterns obtained using Shimadzu XRD7000
with Cu Ka. radiation (A = 1.5418 A). Fourier transform infrared
spectroscopic study (FTIR) was conducted using a Perkin Elmer
spectrometer in KBr pellets. The composition and chemical
state of the elements in the catalysts were measured using an X-
ray photoelectron spectrometer (XPS, VG ESCALAB 250) with Al
Ko radiation (hv = 1486.8 eV). Ultraviolet-visible (UV-vis)
absorption spectra were obtained on U-3310 spectrometer
(Hitachi, Japan) in the wavelength range of 300 to 800 nm.
Photoluminescence (PL) spectroscopic investigations were
carried out on a F-7000 fluorescence spectrophotometer (Hita-
chi, Japan) with an excitation wavelength at 273 nm using
a 150 W Xe lamp as the excitation source. The Brunauer—
Emmett-Teller (BET) surface area was measured with an ASAP-
2010 analyzer. The photocurrent measurements were conduct-
ed on an electrochemical workstation in a standard three-
electrode system, using a platinum wire and the saturated Ag/
AgCl electrode as the counter electrode and reference elec-
trode, respectively. The working electrode was prepared by
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coating the catalysts on a 1.8 cm x 1.2 cm fluorine-doped tin
oxide (FTO) glass substrate. A 300 W Xe lamp with a 420 nm cut-
off filter was used as a light source.

2.3 Photodegradation of RhB

The photocatalytic performance was examined by monitoring
the degradation of Rhodamine B (RhB) in an aqueous solution
at room temperature under visible light irradiation using
a 300 W xenon lamp with 400 nm cutoff filters as light source. In
each experiment, 10 mg of photocatalyst was dispersed in 50 mL
RhB aqueous solution with an initial concentration of 10 mg
17", Prior to irradiation, the suspension was magnetically stirred
in the dark room for 60 min to reach sorption equilibrium.
During the photocatalysis process, 1 ml of the sample was
withdrawn from the reaction cell at 10 min intervals and then
centrifuged for measuring the characteristic UV-vis absorption
of RhB. The absorption peak maximum was employed in eval-
uating the concentration of RhB. The degradation rate of RhB
can be calculated accordingly:

Degradation rate = (Cy — C))/Cy

where C, is the sorption equilibrium concentration of RhB and
C, is the concentration of RhB at reaction time t.

3. Results and discussion

The morphologies of the representative samples are shown in
SEM micrographs. Fig. 1(a) indicates that the pure g-C3N, has
a layered structure with some crinkled flakes. These g-C3;N,
layers heaped together to form irregular particles. The Fe(u) and
S codoped g-C3N, sheets in Fig. 1(b) become the lamella struc-
tures curved even more than that of the Fe(u) doped g-C;N,
(Fig. 1(c)) with more irregular porous structures. The meso-
porous structures may be caused by the decomposition of TCA
during polymerization process, while the crimped structures
are arisen from the larger radii of doped Fe(u) and S than those
of the host C and N atoms.>* The Fe(u) + S codoped g-C;N, has
a large number of mesopores, which demonstrates a higher
specific surface area, possibly leading to easy transportation of
pollutant to the interior surface via the interconnected meso-
pores. The energy dispersive X-ray (EDX) analysis shows that the
composition of the Fe(un)-S codoped g-C3N, comprising rich
carbon (C) and nitrogen (N) with dispersed Fe and S elements.
The overlapped C, N, Fe and S element EDS image (Fig. 1(d))
suggests that the Fe(u) and S elements are dispersed in g-C3N,
sheets. The EDX elemental mappings in Fig. 1(e-h) clearly show
that the Fe and S elements are distributed homogeneously on
the continuous C, N elemental background.

The crystal structures of the pure, the Fe(u)-doped and the
Fe(u1)-S codoped g-C3N, are demonstrated by their XRD patterns
in Fig. 2. For the pure g-C;N,, XRD pattern displays two distinct
diffraction peaks located at 26 of about 13.1° and 27.3°, which
are in good accordance with the characteristic (100) and (002)
planes of g-C;N,.>* The peak for (100) plane corresponds to the
repeating in-plane structural packing motif of the tri-s-triazine
unit with a period of 0.67 nm, which is slightly smaller than the
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Fig. 1 SEM images of (a) the pure, (b) Fe(i)/S and (c) Fe(i) doped g-C3sN,4 photocatalysts. Elemental EDX overlapped images of C, N, Fe and S (d)
and mappings for C (e), N (f), Fe (g) and S (h) for the Fe(1)/S codoped g-C3N4.
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Fig.2 XRD patterns of the g-C3sN4, Fe(i) doped and Fe()/S codoped of
g-C3N4 catalysts.

theoretical value of 0.73 nm. The smaller in-plane packing motif
suggests that the structure of g-C;N, layer is corrugated slightly
after polymerization of melamine. The peak for (002) crystal
plane of g-C;N, is attributed to the lattice planes formed by
stacking the conjugated aromatic systems into layered structure
with an interlayer distance of 0.33 nm. This illustrates that the
2-C3N, has a layered structure similar to graphite. Upon Fe(u)
and S doping, the positions of these two peaks do not change.
This result indicates that the Fe(u) and S atoms are incorporated
in the g-C3N, layer, and light doping of Fe(un) and S has no
significant effect on the crystal structure of g-C;N,. The inten-
sities of the diffraction peaks increase after Fe(un) and S doing,
indicating a better crystallinity than that of the pure g-C;N,.
The FTIR spectra of the pure, the Fe(u)-doped and the Fe(u)-S
codoped g-C3;N, catalysts are depicted in Fig. 3, in which the
typical characteristic peaks at 1312, 1390, 1534, and 1625 cm ™'
can be assigned to the stretching modes of the aromatic C-N
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Fig. 3 FT-IR spectra of the pure, Fe(i) doped and Fe(i)/S codoped of
g‘C3N4.

heterocycle and peak at 805 cm™" is ascribed to the breathing
mode of the triazine units.?>?® The peak at 1228 cm™* represents
the stretching vibration of C-NH-C bridges.*® This demonstrates
that the original graphitic C-N network in the structure of g-C;N,
is kept intact upon doping. The broad peaks at 3000-3400 cm ™"
are ascribed to the stretching modes of N-H, indicating there exist
N-H bonds at the edge of the polymerized triazine. Compared to
the pure g-C5N,, a new peak at 1569 cm ™~ * appears in FTIR spectra
for the Fe(u)-S codoped g-C3N,, which can be attributed to the
stretching mode of Fe-N bond in the coordination complex,
confirming that the Fe ion coordinates at the pore site of g-C;N,
lattice.” It is noteworthy that the FTIR spectrum does not change
dramatically after Fe(n) doping, which may show that the Fe(n) ion
has little interaction with the aromatic C-N rings.

Fig. 4 shows the high resolution XPS spectra of C, N, Fe and S
elements in the pure g-C3;N,, Fe(un)-doped, and Fe(u)-S codoped

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XPS high resolution spectra for C 1s (a) and N 1s (b), Fe 2p (c) and S 2p (d) of the pure g-CzN4 nanosheets (g-CN) and Fe(i) doped g-C3zNy4

(Fe(n)—g-CN) and Fe(i) + S codoped g-CzN4 (Fe(i)/S—g-CN).

2-C3N,. The C 1s spectra of all three samples are shown in
Fig. 4(a). For the pure g-C3N, nanosheets, the peaks centered at
about 287.98 eV (C1) is typically attributed to the sp> hybrid C
atoms bonded to N-containing aromatic skeleton rings (N-C=
N). The peak at 285.48 eV (C2) is related to the C-NH, bonded in
the triazine ring of the reactant intermediary product.’®*® The
peak at 284.40 eV (C3) could be attributed to the graphitic
carbon (C-C and C=C).>® The binding energy of C1 shifts to
a lower value of 287.90 eV after ferrous ion doping. This may be
caused by the formation of Fe-N coordination bond leading to
the partial breakage of the aromatic 7 bond to N-C-N, coex-
isting of N—-C-N and N-C=N.”® The N 1s spectra for the pure g-
C3Ny, and the Fe(u)-doped, Fe(u)-S codoped g-C;N, in Fig. 4(b)
can be decomposed into three typical peaks located at about
398.40 eV (N1), 399.70 eV (N2), 400.80 eV (N3), which could be
attributed to the sp>hybridized aromatic N atoms bonded to
carbon atoms (C-N=C), and sp’-hybridized N atoms of N(-C);
and terminal amino functions (C-NH,), respectively.>*-** The S

This journal is © The Royal Society of Chemistry 2018

atomic dopant does not change the binding energy of C 1s
spectrum since the element S has a similar electronegativity as
the C atom.

The Fe 2p spectra for the Fe(un)-doped, Fe(u)-S codoped g-
C;N, in Fig. 4(c) show the peaks at 710.7 eV and 723.8 eV are
ascribed to the splitting orbits of Fe 2p;/, and 2p,,,, consistent
with reported Fe*" binding energies.® This observation
demonstrates that Fe(u) ion forms coordination bond with the
edge N atoms of hepazine.*** The Fe(u) atom is imbedded in
the pore centre among three tri-s-triazine units of g-C3N, in the
oxidation state of Fe(n) ion by forming Fe(u)-N bonds.?*?*3* As
for the Fe(u)-S codoped g-C3Ny, a S 2p peak located at 163.1 eV
can be reasonably assigned to C-S bonds formed in g-C3;N,
lattice via substituting N.**** The peak at 168.0 eV is ascribed to
S=O0 in the intermediate product of sulfoxide resulting from
the decomposition of TCA.>** By removing the adventitious
carbon contamination, the C/N atomic ratio is 0.76 for the pure
g-C3Ny, which is fairly close to the stoichiometric value of g-

RSC Adv., 2018, 8, 7558-7568 | 7561
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C3N,. The C/N atomic ratio for the Fe(u), S codoped g-C3;N, is
about 0.81, which is slightly larger than that of the pure g-C;N,.
XPS results showed that the Fe(u) and S atoms are doped into g-
C;N, lattice and may preferentially substitute N atoms. For the
Fe(u)-S codoped g-C;Ny, the S content of atomic percentage is
about 0.09% and the Fe(u) is about 0.20%. Taken XPS and XRD
results into consideration, Fe(u) ions are suggested to position
in the pore centre among three tri-s-triazine units by forming
Fe(n)-N bonds with the lone-pair sp” electrons of N atoms.

The UV-vis diffuses absorbance spectra of the pure, Fe(i)
doped and Fe(u)-S codoped g-C3N, are shown in Fig. 5(a). There
is a sharp absorption edge for the pure g-C;N, nanosheets at
around 460 nm indexing to the bandgap energy of about 2.7 eV,
which is associated with the photocatalytic property in visible
light.*** It shows enhanced visible light absorption intensity
and the red shift edge via Fe(un) and S doping. The Kubelka-
Munk plots in Fig. 4(b) show that the adsorption edge is red
shifted with lower bonding energy of 2.51 eV for the Fe(u) and
Fe(u)-S codoped g-C;N,. The absorption intensity is remarkably
enhanced in the visible region after the Fe(u) and S doping.*
SEM images show that Fe(u) and S doping causes the g-C3N,
sheets curling up (Fig. 1(b)). The crimped structure facilitates
the n—mt* transitions. These results reveal that the Fe(u1)-S doped
2-C3N, composites could significantly promote the optical
absorption performance and enhance the utilization efficiency
of solar light, which subsequently results in a higher photo-
catalytic activity.*®

The photoluminescence (PL) studies were carried out to
investigate the recombination/separation of photoinduced
charge carriers in the pure, Fe(u) doped and Fe(u)-S codoped g-
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C;3;N, under the excitation wavelength of 274 nm. The measured
PL spectra, as shown in Fig. 5(c), show that all of the samples
exhibit a main emission peak appearing at about 440 nm, which
is consistent with the reported value in the literature.’*%
Compared to the pure g-C3;N,, the Fe(u) doped and the Fe(u)-S
doped g-C3;N, give weaker PL intensities revealing the lower
recombination probability of photoinduced electrons and
holes, which could give rise to a higher photocatalytic activity.

The Fe(u) and S codoped g-C;N, exhibits a largest specific
surface area among these three samples, showed in Fig. 5(d).
The specific surface area is 13.40 m”> g” !, 57.28 m* g ', and
59.37 m”> g !, and the pore area is 15.48 m* g ', 53.53 m* g,
and 75.84 m”> g~ for the pure, Fe(u) doped, and Fe(n) + S doped
g-C3N, catalysts, respectively. Fig. 5(d) indicates that the
apparent curves follow the type IV adsorption-desorption
isotherm with N, hysteresis loop, which is mainly arisen from
the massive presence of mesopores. Therefore, Fe(u) + S codo-
ped photocatalyst will provide more active sites, facilitating
photocatalytic activity.>**”

The electrochemical impedance spectra (EIS) of the pure g-
C;N, and the g-C3N, doped with Fe(n) and S were measured to
understand the photocatalytic mechanism. The arc on the EIS
Nyquist plot indicates the charge transfer resistance. Generally
speaking, the smaller arc radius implies a lower charge transfer
resistance.””** As shown in Fig. 6(a), the Nyquist plots of all the
Fe(u) and S doped g-C;N, samples give a smaller arc radius
attributing to the reduced electric resistance and enhanced
conductivity by doping with Fe(u) and S elements compared to
the pure g-C;N,. In fact, the arc radius for Fe(u)-S codoped g-
C;3N, is smallest in all three samples, which is associated with
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Fig.5 UV-vis absorbance spectra (a), corresponding Kubelka—Munk plots (b), PL (c) and adsorption—desorption isothermal curve of N, (d) of the

pure g-CzN4 nanosheets and Fe()—g-CsN4 and Fe()/S—g-C3Ny.
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the highest efficiency of the charge separation.*®**' Moreover,
this changing trend in the arc radius for g-C;N, samples is
consistent with the results displayed in PL spectra.

The transient photocurrent responses of all samples were
recorded in Fig. 6(b). The photocurrent shows a fast response to
light irradiation with a good reproducibility for each on-off
cycle. That showed a rapid and steady photocurrent response
with reproducibility for each on-off cycle. The current density
for Fe(u)-S codoped g-C;N, is about 12 times of that observed
for pure sample, revealing the most effective separation and
transition of photoinduced electron/hole pairs, which is
consistent with PL spectra.

The photocatalytic performances of the pure, Fe(u) doped
and Fe(u)-S doped g-C;N, were evaluated by RhB degradation
under visible light irradiation (A > 420 nm), as shown in
Fig. 7(a). After 60 min irradiation with visible light, about 83.5%
of RhB is degraded in presence of the Fe(u) doped g-C;Ny,
compared to that of only 33.3% of RhB decomposition with the
pure g-C3N,. As for the Fe(u)-S codoped g-C3N,, approximately
91% of RhB is decomposed after 60 min with visible light
irradiation. There is almost no self-degradation of RhB under
visible light irradiation in our experiments. The photo-
degradation of RhB follows the first order dynamics equation:

~In(Cy/C)) = kt

where Cy, C;, k and t are the initial concentration, the concen-
tration at time ¢, reaction coefficient and time ¢, respectively.
The first order kinetics, illustrated in Fig. 7(b), shows that the
degradation rates for the Fe and Fe/S doped g-C;N, are
enhanced by 5.4 and 4.2 times compared with the pure mate-
rial. The stability for the Fe/S doped g-C;N, is illustrated in
Fig. 7(c). The photodegradation rate does not experience any
significant changes after 4 cycles of degradation experiments.
In order to further explain the photocatalytic mechanism of
the degradation RhB under visible light, benzoquinone (BQ,
1.5 ml, 0.1 mM 17%), tert-butyl alcohol (+BuOH, 1.5 ml) and
methanol (MeOH, 1.5 ml) were added into our model photo-
catalysis system to trap radical superoxide (O, ), hydroxyl
radicals ("OH) and hole (h"),* respectively. The degradation
rate did not change obviously by adding +-BuOH and MeOH in
the photocatalytic process, as shown in Fig. 8, indicating

This journal is © The Royal Society of Chemistry 2018

L o

50 100 150
Time (s)

Fe()—g-CsN4 and Fe(i)/S—g-C3sN4 catalysts.

hydroxyl radicals and holes are not the reactants for degrada-
ting RhB. While the degradation rate decreases dramatically
upon adding a small amount of BQ, which clearly indicates that
radical superoxide is the primary reactant in the RhB degrada-
tion process. The redox potentials for OH/OH™ and O,/'O,"
were determined to be +1.99 V and —0.33 V,**** respectively.
Theoretically, the conduction band and valence band of g-C;N,
were —1.22 V and +1.57 V.**** The conduction band of g-C;N, is
more negative than the redox potential of O,/°0, ", thus O, can
be reduced to O, . The valence band of g-C;N, is less positive
enough to oxide OH™ to "OH. These results suggest that O,
takes part in the photocatalytic process, consistent with our
experiment.

In order to get deeper insight into its catalytic mechanism
and electronic structure, DFT calculations based on the
Gaussian 09 software package were performed to model the
Fe(u) and S doped g-C;N, (001) layer with hexagonal honeycomb
lattice structure containing three tri-s-triazine units. DFT
B3LYP/6-31G(d) level of theory was used to optimize the
geometry of g-C;N, with minimum energy as the initial struc-
ture. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), the surface elec-
trostatic potential, and density of states were calculated based
on B3LPY/Lanl2dz level for Fe(u), B3LPY/6-311g(d) level for C, N,
S.

Fig. 9 shows the calculated HOMO, LUMO, and the surface
electrostatic potential for the (001) lattice plane of g-C3N,
monolayer. The bigger the separation of HOMO and LUMO, the
easier the separation of the photoinduced electron/hole and
less the combination of charged carriers. For the pure g-C3N,
catalyst, the small separation of HOMO and LUMO, as shown in
Fig. 9(a) may promote the photoinduced electron/hole recom-
bination, leading to a lower photocatalytic activity. The migra-
tion of the photogenerated e /h" pairs is not efficient due to the
different localized HOMO and LUMO. HOMO suggests that the
edge N atoms provide the oxidation sites for water to O,,
whereas LUMO indicates that the edge C and the inner N atoms
are the preferred reduction sites to form H,.*>*® There are no
HOMO and LUMO at the bridge N atoms inhibiting the carrier
migration from one heptazine unit to another, reducing the
photocatalytic performance. Fig. 9(b) shows the calculated
molecular orbitals of S doped g-C;N,4, which demonstrates that
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00056e

Open Access Article. Published on 16 February 2018. Downloaded on 4/29/2026 12:50:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

(@10

0.8

0.6

cre,

0.4

- —e— No add

—eo—g-CN
Fe(Il)-g-CN

—e—Fe(II)/S-g-CN

02F

Paper
—(b)z.s- e g-CN k=0.00709
Fe(I)-g-CN  k=0.03012 *

] ~20F © Fe(ll)S-g-CN k=0.03837

@)

\O
10O 1.5¢

N

£
1 1.0
R 0.5+

/

,/ .

50

30 40

0 10 20

0 30 40 50 60
Irradiation time (min)

N adation tirm. _)60 0 10 2
rradiation time (min
(©),of
1 11 TIT v

0.8

0.6} )
©oaf \ \

\.\ .
2t . N\
0.2 \\ \. .\.

0 20 40 60 20 40 60 20

40 60 20 40 60

Irradiation Time (min)

Fig.7 Photocatalytic performances (a) and corresponding first-order reaction kinetics (b) in the degradation of RhB under visible light irradiation
for the pure g-CzNy, the Fe()—g-CsN4 and Fe(i)/S—g-C3Ny. Stability test of the Fe(i)/S—g-C3N4 (c).

(@), [ (b)
2 |ADr|=0.03391 Vvs.NHE (V)

|ADr|=0.00237 +1.99 -OH/OH-

: as 4 NE
+0.82 0,/H,0
|ADr =0.60784

-0.33 0,/-05

0.0 12+ [RGB
P\d(\\' XS

Fig. 8
potential diagram of g-C3sN4 and related perssad (b).

the separation of HOMO and LUMO increases distinctly with
the sulfur atom doping. The S atoms act as the reduction sites.
The substitution of the edge N with S causes slightly stronger
delocalized HOMO and LUMO compared to the pure g-C3N,
monolayer. The dispersion of the HOMO and LUMO distribu-
tion can enhance the carrier mobility. The substitution of the
edge N with S causes stronger delocalized HOMO and LUMO,
thus increases the reactive sites. Fig. 9(c) presents the calculated
molecular orbitals of the Fe(ir) doped g-C;N,. The separation of
HOMO and LUMO increases after Fe(u) ion is imbedded in the
pore centre among the three triazine units in the layered
molecules. These results indicate that the separation of HOMO
and LUMO increases with Fe(u) and S doping with S doping
altering the electronic structure of triazine unit and Fe(u)

7564 | RSC Adv., 2018, 8, 7558-7568

Influence of various scavengers on the visible-light photocatalytic activity of Fe(1)/S—g-C3sN4 toward the degradation of RhB (a), electric

doping enhancing the density of states of the pore among three
triazine units. Our experimental study showed that 'O, is the
main active species in the photodegradation of RhB. Thus, the
surface electrostatic potential of the photocatalysts was calcu-
lated to investigate the separation of ‘O, at the LUMO energy
band from the catalyst surface, as shown at the bottom in Fig. 9.
It is shown that the pore site has a negative potential, thus is the
optimum site for ‘O, separating from the surface of g-C;N,.
The potentials deceases further with the Fe(u) and S doping,
facilitating the separation of ‘O, and enhancing the photo-
catalytic activity.

The total and partial density of states (DOS) for the pure g-
C3N, is shown in Fig. 10(a). The DOS in valance band is mainly
contributed by the nitrogen atoms, while the DOS in conduction

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Z-scheme photocatalytic systems.

band is from the carbon atoms. The bandgap is narrowing upon
the S and Fe(u) doping and the Fermi level is shifted towards the
conduction band, as shown in Fig. 10(b and c). The S doping
changes the electronic structure of g-C;N, by contributing to
both valence and conduction bands. The bandgap between
HOMO and LUMO is 3.77 eV for the S doped g-C3N,. Fe(u)
doping in the lattice of g-C;N, generates discrete energy level in
the bandgap, thus deceasing the bandgap significantly to 1.0 eV
compared to the pure g-C;N, with a bandgap of 3.93 eV.
Therefore, our DFT calculation indicates that the nonmetal
element S mainly changes the electronic structure of triazine
unit, while the metal Fe(u) ion imbedded in the pore alters the
energy band structure by exerting discrete energy level in the
bandgap.*** The valence electron divergence between the
dopant atoms and the adjacent intrinsic atoms yields new
energy band in the g-C3N, monolayer, thus changes its photo-
catalytic performance.

Finally, a tentative mechanism for photocatalytic degrada-
tion of RhB was proposed by taking above-mentioned experi-
mental and theoretical strands into consideration. The
photocatalytic mechanism of the degradation of RhB was
illustrated in Scheme 1. S doping alters the electronic structure
of triazine unit, while Fe ion forms a new impurity band above
the valence band of the pure g-C3N,. This impurity band
improves the separation of photoinduced electron/hole pairs.
The photoinduced electrons jump more easily to the conduc-
tion band of g-C;N, for the Fe impurity band locates above the
valence band acting a bridge for electron transfer. The photo-
excited electrons generated from g-C;N, under visible-light
irradiation would jump into the conduction band and
combine with the dissolved O, to form ‘O, , with which RhB
molecules were decomposed. The doping of Fe*" significantly
lowers the bandgap, enabling the harvest of major visible light
and generating photoinduced electrons in the conduction band
of g-C3N,, leading to a significant enhancement of the photo-
catalytic activity.

4. Conclusion

In summary, the Fe(u) and S codoped g-C3;N, photocatalyst was
successfully prepared by a thermal condensation process of
melamine, ferrous chloride and trithiocyanuric acid. Compared
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to the pure g-C;N, nanosheets, the photocatalytic performance
for RhB degradation is enhanced by a factor of 5.4 times for the
Fe(u1)-S codoped g-C;N,, in which Fe(u) coordinates in the pore
centre by forming Fe(i)-N bonds and S atoms substitute the N
atoms in the triazine unit. The stronger delocalization of HOMO
and LUMO together with bandgap narrowing by Fe(u) and S
codoping facilitates the photoexcitation and migration of
photoinduced charge carriers, thus enhancing the photo-
catalytic performance. The experimental and theoretical results
confirm that the band structure of g-C3N, could be tuned via
Fe(n) + S doping, thus improving the photocatalytic activity.
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