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ABSTRACT The rational construction of a high-efficiency step- 
scheme heterojunctions is an effective strategy to accelerate the pho-
tocatalytic H2. Unfortunately, the variant energy-level matching be-
tween two different semiconductor confers limited the photocatalytic 
performance. Herein, a newfangled graphitic-carbon nitride (g-C3N4) 
based isotype step-scheme heterojunction, which consists of sul-
fur-doped and defective active sites in one microstructural unit, is 
successfully developed by in-situ polymerizing N,N-dimethyl- 
formamide (DMF) and urea, accompanied by sulfur (S) powder. 
Therein, the polymerization between the amino groups of DMF and the 
amide group of urea endows the formation of rich defects. The propul-
sive integration of S-dopants contributes to the excellent fluffiness and 
dispersibility of lamellar g-C3N4. Moreover, the developed heterojunc-
tion exhibits a significantly enlarged surface area, thus leading to the more exposed catalytically active sites. Most importantly, the simultane-
ous introduction of S-doping and defects in the units of g-C3N4 also results in a significant improvement in the separation, transfer and recom-
bination efficiency of photo-excited electron-hole pairs. Therefore, the resulting isotype step-scheme heterojunction possesses a superior 
photocatalytic H2 evolution activity in comparison with pristine g-C3N4. The newly afforded metal-free isotype step-scheme heterojunction in this 
work will supply a new insight into coupling strategies of heteroatoms doping and defect engineering for various photocatalytic systems. 
Keywords: sulfur-doping, defects, isotype step-scheme heterojunction, g-C3N4, photocatalytic H2 

n INTRODUNTION 
Photocatalytic splitting of water to generate H2 is one of the most 
promising technologies to the mitigation of environmental pollu-
tion and energy crisis caused by the widespread employ of fossil 
energy.[1–3] However, the sluggish kinetics of hydrogen evolution 
reactions severely affects the scale application of water split-
ting.[4–6] Consequently, intensive efforts have been devoted to 
exploring efficient, robust and economical photocatalysts in the 
past few decades, including non-noble metal-based composite, 
ultra-low precious metal supported compounds and non-metallic 
materials.[7–12] Thereinto, graphitic-carbon nitride (g-C3N4) as the 
representation of metal-free catalysts is considered proverbially 
as a charming material for photocatalytic H2 evolution due to the 
inherent advantages of economic fabrication, excellent visible 
light response, specific two-dimensional layered structure, and 
suitable band gap, as well as the high chemical and thermal 
stability.[9,13–15] Nevertheless, the limited redox potential, fast 

photo-excited carrier recombination rate, poor visible light ab-
sorption and small photocatalystic surface active sites tremen-
dously impede the photocatalytic H2 evolution properties of pris-
tine g-C3N4.[16,17] 

In this respect, various modification strategies have been de-
voted to consolidating the photocatalytic H2 evolution perfor-
mance of pristine g-C3N4, such as coupling with other semicon-
ductors to form miscellaneous heterojunctions, structural opti-
mizing to increase surface area and active sites density, and 
metal or non-metal doping to capture photo-generated electrons 
or holes.[18–21] Therein, the most effective strategy is to construct 
an intimate heterojunction between g-C3N4 and another semi-
conductor, which is conducive to the inhibited recombination rate 
of photo-excited carriers through the spatial separation of elec-
trons and holes.[22–24] Representatively, step-scheme heterojunc-
tions as a new-fashioned direct Z-scheme structure exhibit ex-
traordinary superiorities.[25,26] A typical step-scheme heterojunc-
tion is invariably composed of two n-type semiconductors with 
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staggered band configurations, of which one is considered to be 
of the oxidation photocatalyst, while the other is assigned to the 
reduction photocatalyst.[17,27,28] The widely divergent redox ca-
pacity between the two materials endows the formation of inter-
nal electric field at the interface of two n-type semiconductors, 
thereby offering an internal driving force to boost the transfer 
efficiency of photo-excited carriers.[29,30] Therefore, the high- 
reductive electrons are enriched in the valence band of reduced 
semiconductor to induce the reduction of hydrogen ions (H+), thus 
obtaining the superior photocatalytic H2 evolution activity.[31,32] 
Accordingly, numerous g-C3N4 relevant step-scheme heterojunc-
tions have been developed as high-efficient H2 evolution photo-
catalysts, such as N-doped MoS2/S-doped g-C3N4,[33] W18O49/ 
porous g-C3N4,[34] WO3/g-C3N4,[35] Co3S4/g-C3N4,[31] TiO2/g-C3N4,[36] 
Cd0.5Zn0.5S/g-C3N4

[37]
 and WO3/WS2/g-C3N4.[38] However, the 

variant energy level matching between two different semicon-
ductors still confers limited photocatalytic performance. Moreover, 
the current synthetic strategies are time-consuming and quite 
tedious, which commonly involve the separate preparation of two 
n-type semiconductors and then recombination to form a het-
erojunction. Therefore, the exploration of a neoteric isotype 
S-scheme heterojunction with similar electronic band structure 
and lattice matching via a simple and convenient methodology is 
highly desirable, but remains challenging. Additionally, the in-
troduction of defects, especially surface defects, can significantly 
regulate the electronic and optical properties of semiconduc-
tors.[39,40] Believably, the combination of defect-engineered 
g-C3N4 may remarkably enhance the photoelectrochemical per-
formances and interfacial carrier transfer efficiency of g-C3N4 
based step-scheme heterostructures.[41,42] Nevertheless, the 
introduction of defect-engineering into S-scheme heterojunctions 
for photocatalytic H2 evolution has been scarcely reported so far. 

In this context, a novel defect-engineered isotype step-scheme 
heterojunction, accompanied by sulfur-doping and defect active 
sits in the same microstructural unit of g-C3N4, is developed as 
an advanced H2 evolution photocatalyst for the first time via 
in-situ thermal polymerizing N,N-dimethylformamide (DMF) and 
urea in the presence of sulfur powder. Particularly, the simulta-
neous integration of S-dopants and abundant defects endows 
the excellent fluffiness and dispersibility of lamellar g-C3N4, 
thereby exposing rich active embedding sites. Moreover, the 
coupling of isotype step-scheme heterojunctions between sul-
fur-dopants and affluent defects can not only enhance the 
transfer and separation efficiency, but also improve the absorp-
tion of photons and the lifetime of photo-generated electron-hole 
pairs. Consequently, the optimal photocatalyst possesses out-
standing photocatalytic H2 evolution activity in terms of the H2 
generation rate of 3110.1 μmol·g-1·h-1, which is around 9 times 
higher than that of pristine g-C3N4 (373.6 μmol·g-1·h-1). Further-
more, the mechanism of the enhanced photocatalytic perfor-
mance of g-C3N4 by constructing a defect-engineered isotype 
step-scheme heterojunction is also in deep investigation.  

n RESULTS AND DISCUSSION  
The meticulous preparation process of sulfur-doped defect-rich 
graphitic-carbon nitride (S-g-C3N4-D) is illustrated in Figure 1a. 
Normally, a well-known high-temperature polymerization reaction 
takes place between the amide groups of three urea molecules 
to construct the geometric g-C3N4 monomer.[43] Discriminatively, 

after the introduction of DMF molecules, the amide group of the 
urea molecule and one of the amino groups of DMF undergo 
polycondensation to remove one water molecule, which termi-
nates further reactions with other urea molecules, thus creating a 
defective site in the monomer of g-C3N4. Meanwhile, a few sulfur 
atoms produced by the sublimation of sulfur powder are interca-
lated smoothly into the defect sites, resulting in the in-situ for-
mation of sulfur-doped g-C3N4 with abundant defects.  

The typical scanning electron microscopy (SEM) image of 
Figure S1 indicates that the obtained g-C3N4 possesses a 
well-defined lamellar morphology. The SEM observation of Fig-
ure 1b suggests that the g-C3N4-D formed by the introduction of 
DMF still maintains the flake-like nanostructure, revealing the 
occurred polymerization between urea and DMF molecules 
(Figure 1a). Figure 1c exhibits the SEM image of S-g-C3N4-D, 
where the smaller size and thinner sheets are observed in com-
parison with that of g-C3N4 and g-C3N4-D, revealing the good 
fluffiness and dispersibility of S-g-C3N4-D due to the introduction 
of defects and sulfur doping. The detail microstructures of ab-
stained samples are further evaluated by transmission electron 
microscopy technique (TEM). The TEM observation in Figure S2 
and S3 suggest that the definitive lamellar nanoframework is 
completely preserved after the integration of DMF and sulfur 
powder. To investigate the element composition and distribution 
of S-g-C3N4-D, Energy dispersive X-ray spectroscopy (EDX) 
measurement is carried out firstly. Figure 1d presents the ele-
ment mappings of C, N and S for the S-g-C3N4-D sample, in 
which the obvious and homogeneous S element signal confirms 
the successful doping and uniform distribution of sulfur species. 

X-ray diffraction (XRD) patterns of developed photocatalysts 
are investigated to study the structural defects and crystal types. 

Figure 1. (a) Schematic illustration for the fabrication of g-C3N4, g-C3N4-D 
and S-g-C3N4-D. (b) FESEM image of g-C3N4-D. (c) FESEM image of 
S-g-C3N4-D and (d) Corresponding EDX elemental mapping images of C, 
N and S. 



ARTICLE  

2201027 
 

Chinese Journal of Structural Chemistry

Chin. J. Struct. Chem. 2022, 41, 2201025-2201033 © 2022 fjirsm, CAS, Fuzhou
DOI: 10.14102/j.cnki.0254-5861.2021-0039

Figure 2a exhibits the XRD patterns of g-C3N4, g-C3N4-D and 
S-g-C3N4-D, where the two obvious diffraction peaks located at 
approximately 13.1° and 27.2° correspond well to the (100) and 
(002) diffraction planes of g-C3N4. Therein, the (100) plane rep-
resents the in-plane structure stacking pattern, while the (002) 
crystal reflection relates to the inter-planar stacking of conjugated 
aromatic units.[44] The similar XRD spectra of g-C3N4-D and 
S-g-C3N4-D compared with that of g-C3N4 demonstrate the un-
changing phase of g-C3N4 even with the addition of DMF and 
sulfur powder in the synthesis process. Notably, the S-g-C3N4-D 
exhibits a broader FWHM with a weaker intensity compared to 
that of g-C3N4-D, further confirming that sulfur doping effectively 
strips bulk g-C3N4 into thin nanosheets by overcoming weak van 
der Waals forces between adjacent heptazine layers of g-C3N4,[45] 
which is consistent with the results of SEM (Figure 1b and 1c). 
Additionally, the almost disappeared (100) diffraction plane of 
g-C3N4-D in comparison to that of g-C3N4 reveals that the 
polymerization between DMF and urea molecules increases the 
number of defects into the in-planes of the structural unit of 
g-C3N4,[46] thereby reducing the orderliness of microcosmic 
framework (Figure 1a). To disclose the porosity textural features 
and specific surface areas of explored g-C3N4, g-C3N4-D and 
S-g-C3N4-D catalysts, the nitrogen adsorption-desorption iso-
therms and the corresponding Barrette-Joynere-Halenda (BJH) 
pore size distributions are analyzed, as presented in Figure 2b 
and S4. The type II isotherms with a typical H4 hysteresis loop 
suggest the coexistence of micropores and mesopores in g-C3N4, 
g-C3N4-D and S-g-C3N4-D materials.[47] Moreover, the BET sur-

face area of S-g-C3N4-D is 135.74 m2·g-1 (Table S1), which is 
much higher than that of g-C3N4 (96.78 m2·g-1) and g-C3N4-D 
(112.83 m2·g-1), indicating excellent dispersibility and fluffiness of 
S-g-C3N4-D again. Noteworthy, the S-g-C3N4-D possesses the 
highest surface area (135.74 m2·g-1), biggest average pore size 
(2.58 nm) and largest total pore volume (0.72 cm3·g-1) among all 
developed photocatalysts, which not only contribute to expose 
abundant photocatalytic active surface sites, but also conduce to 
enhance the migration rate of photo-excited carriers, thus antic-
ipating to the excellent photocatalytic activity.[48]  

The surface elemental compositions and bonding configura-
tions of S-g-C3N4-D are further examined by X-ray photoelectron 
spectroscopy (XPS) analysis. The full XPS survey of S-g-C3N4-D 
sample (Figure S5) demonstrates the presence of C, N and S 
elements, and the corresponding elemental surface contents are 
found to be 42.13 at%, 57.70 at% and 0.17 at%. Worth men-
tioning, only a small number of S atoms are inserted into the 
defect sites of g-C3N4 structural monomer, thus forming a unique 
microstructure in which S-doping and defect sites coexist. To 
accurate probe the bonding configurations of developed photo-
catalysts, the corresponding high-resolution XPS spectra of C 1s, 
N 1s and S 2p are investigated detailedly. Figure 2c and S6a 
exhibit the high-resolution C 1s spectra of g-C3N4, g-C3N4-D and 
S-g-C3N4-D, in which the peak observed at 284.6 eV belongs to 
the C–C bond, while another one at 287.9 eV corresponds well to 
the N–C=N bond.[49–51] Therein, the peak area percentage of N–
C=N bond (287.9 eV) decreases obviously from 98.3% for 
g-C3N4 to 93.3% for g-C3N4-D (Table S2), revealing the formation 
of defects as displayed in Figure 1a. Meanwhile, the corre-
sponding high-resolution N 1s spectra can be deconvoluted into 
three distinct peaks centered at 398.5, 399.7 and 401.0 eV (Fig-
ure 2d and S6b), which allocate well to the three nitrogen bonds 
of N–C=N, N–(C)3 and -NH in the structural unit of g-C3N4, re-
spectively.[52,53] As expected, the peak area percentage of N–
C=N bond (398.5 eV) reduces to 70.1% for the g-C3N4-D sample, 
which is obviously smaller than that of g-C3N4 (74.7%, Table S2), 
suggesting the successful integration of defects into g-C3N4 
again. Moreover, the electron paramagnetic resonance (EPR) 
spectra of g-C3N4 and g-C3N4-D materials are recorded to further 
identify the structural differences before and after the introduction 
of defects. As illustrated in Figure 2e, the g-C3N4-D sample pos-
sesses the stronger peak intensity in comparison to that of 
g-C3N4, which indicates that the DMF-assisted thermal polymer-
ization can introduce more defects into g-C3N4 clearly, thus 
forming more unsaturated photocatalytic active sites. Figure 3f 
depicts the high-resolution S 2p spectra of g-C3N4-D and 
S-g-C3N4-D samples, where the strong peaks observed at 165.4 
eV confirm the presence of C–S–C bond,[54] convincingly proof-
ing the successful insertion of S atom into the carbon skeleton of 
g-C3N4. 

Motivated by characteristic S doped and rich-defect g-C3N4 
nanoframework, large specific surface area nanoskeleton and 
excellent photons absorption ability, the photocatalytic activities 
of developed catalysts are investigated by testing the H2 evolu-
tion efficiency for water splitting under visible light irradiation. 
Before that, the additive amounts of DMF and powdered sulfur in 
the synthesis process are optimized firstly. Notably, the differ-
ences of photocatalytic H2 evolution activities observed in Figure 
3a and 3b suggest that the optimal addition of DMF and the most 

Figure 2. (a) XRD patterns and (b) corresponding N2 sorption isotherms 
of g-C3N4, g-C3N4-D and S-g-C3N4-D. (c) High-resolution XPS spectra of 
C 1s and (d) N 1s for g-C3N4 and g-C3N4-D. (e) EPR spectra of g-C3N4 
and g-C3N4-D. (f) High-resolution XPS spectra of S 2p for g-C3N4-D and 

S-g-C3N4-D. 
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suitable additive contents of powdered sulfur are found to be 20 
mL and 4 g, respectively. Therefore, the photocatalysts dis-
cussed below are synthesized under the conditions of above- 
mentioned optimal additive amounts. Figure 3c presents the 
photocatalytic activities of g-C3N4, g-C3N4-D and S-g-C3N4-D for 
H2 evolution. Expectedly, the pristine g-C3N4 exhibits a relatively 
poor photocatalytic H2 evolution rate of 373.6 μmol·h-1·g-1, while 
the significantly improved photocatalytic H2-generation efficiency 
is obtained over the g-C3N4-D sample, indicating the introduction 
of abundant defects into g-C3N4 framework effectively promotes 
the photocatalytic reduction process of hydrogen ions. Particu-
larly, the S-g-C3N4-D catalyst possesses the highest photocata-
lytic activity with a H2 evolution rate of 3110.1 μmol h-1·g-1, which 
is 1.89 and 8.33 times higher than that of g-C3N4-D (1650.3 
μmol·h-1·g-1) and g-C3N4 (373.6 μmol·h-1·g-1), strongly confirming 
the important role of S-doping and defects in improving the pho-
tocatalytic activity of H2 evolution. Figure 3d and 3e displays the 
photocatalytic H2 evolution rate and apparent quantum 
efficiencies (AQE) of S-g-C3N4-D under different wavelengths, in 
which the AQE values of 6.7%, 1.6% and 0.3% at λ = 365 nm, λ = 
420 nm and λ = 500 nm, further indicating the outstanding 
photocatalytic H2 evolution activity of S-g-C3N4-D photocatalyst. 
As a result, the explored S-g-C3N4-D material demonstrates one 
of the best photocatalytic H2 evolution performances among the 
other S-doped C3N4 relevant photocatalysts reported recently 
(Table S3). In addition to displaying outstanding photocatalytic H2 
evolution activity, the cycling stability is another important pa-

rameter that must be considered in practical applications of an 
ideal photocatalyst. Thus, the durability of S-g-C3N4-D sample is 
also evaluated by comparing the attenuation of photocatalytic H2 
evolution before and after six consecutive cycles (Figure 3f). 
Remarkably, the S-g-C3N4-D exhibits the negligible variation of 
photocatalytic performance after prolonged visible light irradia-
tion for 24 h, convincingly suggesting the robust stability and 
excellent availability of developed S-g-C3N4-D. Particularly, a 
small increased amount of H2 evolution is observed after 4th 
cycle, which can be attributed to the exposure of more photo-
catalytic active sites over the developed S-g-C3N4-D sample, 
thereby accelerating the H2 evolution activity.[55] 

In order to explore the reasons for the outstanding photocata-
lytic H2 evolution activity of S-g-C3N4-D incisively, the light ab-
sorption capacity and band gap energy (Eg) of obtained photo-
catalysts, as well the separation, transfer and recombination 
efficiency of photo-excited electron-hole pairs are investigated 
systematically. Figure 4a and 4b display the UV-vis diffuse re-
flection spectra and the corresponding estimated energy gaps of 
g-C3N4, g-C3N4-D and S-g-C3N4-D. Obviously, the g-C3N4-D and 
S-g-C3N4-D catalysts possess the wider light response range 
with higher absorption strength in comparison to those of g-C3N4, 
which indicates that the integration of S-doping and defects are 
significantly beneficial to the enhancement of the absorption of 
photons. Notably, the absorption boundary of S-g-C3N4-D exhib-
its a slight blue shift compared with that of g-C3N4-D, which re-
sults from the quantum confinement effect caused by S-doping. 

Figure 3. (a) Photocatalytic H2 evolution activities of S-g-C3N4-D obtained 
at different contents of DMF and (b) sulfur powder during synthesis. (c) 
Photocatalytic H2 evolution activities of g-C3N4, g-C3N4-D and 
S-g-C3N4-D. (d) Photocatalytic H2 evolution rate of S-g-C3N4-D at different 
wavelengths and (e) the corresponding AQY. (f) Photocatalytic H2 evolu-
tion reusability of S-g-C3N4-D. 

Figure 4. (a) UV-vis absorption spectra and (b) the corresponding esti-
mated energy gaps of g-C3N4, g-C3N4-D and S-g-C3N4-D. (c) EIS plots 
and (d) transient photocurrent responses of g-C3N4, g-C3N4-D and 
S-g-C3N4-D. (e) Photoluminescence spectra and (f) the corresponding 
transient fluorescence decay spectra of g-C3N4, g-C3N4-D and 
S-g-C3N4-D. 
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To disclose the changes in band structure of g-C3N4 after 
S-doping and introducing defects, the Eg energies of g-C3N4, 
g-C3N4-D and S-g-C3N4-D are acquired according to the Ku-
belk-Munk method. As displayed in Figure 4b, the estimated 
band gaps of S-g-C3N4-D is found to be 2.69 eV, which is much 
narrower than that of g-C3N4 (2.78 eV), suggesting the rapid 
transition of photo-generated charges and holes over the 
S-g-C3N4-D. Figure 4c and 4d present the electrochemical im-
pedance spectra (EIS) and transient photocurrent responses of 
developed catalysts, in which the strongest photocurrent densi-
ties with the smallest Nyquist plots semicircle indicate the most 
efficient separation efficiency and the lowest charge transfer 
resistance of S-g-C3N4-D compared with those of g-C3N4 and 
g-C3N4-D. Such a result convincingly confirms that the integration 
of defects and S-dopants effectively boost the interfacial charge 
separation and transfer of g-C3N4, thereby enhancing the pho-
tocatalytic H2-generation performance. The recombination and 
lifetime of photo-excited charge carriers are uncovered by pho-
toluminescence (PL) techniques. The steady-state PL emission 
spectra displayed in Figure 4e reveal that the pristine g-C3N4 
exhibits an intense emission peak at around 450 nm, which re-
sults from the sudden recombination of charge carriers. As a 
sharp contrast, the distinctly feeble intensity of PL emission of 
g-C3N4-D suggests the dramatically suppressed recombination of 
electron-hole pairs, which mainly ascribes to the delocalization of 
valence electron, enhances the electronic transitions, resulting 
from the introduction of abundant defects. Impressively, the PL 
intensity is further reduced after the integration of S-dopants as 
observed in Figure 4e, which attributes to the trapping effect of 
photo-excited electrons by the S-doped sites, consequently in-
hibiting the recombination of charged carriers. Moreover, the 
S-g-C3N4-D catalyst possesses a wider photovoltaic response 
wavelength range, indicating the most efficient light absorption 
capacity, which agrees well with the results of UV-vis absorption 
spectra (Figure 4a). In addition, the transient fluorescence de-
cays are recorded at the corresponding emission peaks to study 
the survival times (τ) of photo-generated charge carriers. As 

presented in Figure 4f and Table S4, the average carrier lifetime 
(τAvg) of S-g-C3N4-D catalyst is calculated to be 5.215 ns, which is 
much longer than that of g-C3N4 (4.190 ns), suggesting a signif-
icant positive effect of S-doping and induced defects in extending 
the survival time of photo-excited carriers. According to the 
above discussions, the integration of S dopants and defects can 
not only enhance the transfer and separation efficiency, but also 
improve the lifetime of photo-generated electron-hole pairs, thus 
resulting in the efficient photocatalytic H2 evolution performance. 

The possible mechanism of the catalytic H2 evolution process 
of S-doped defect-rich g-C3N4 photocatalyst is proposed from the 
perspective of structural configuration and energy band theory. 
The conduction bands (CB) of g-C3N4, g-C3N4-D and S-g-C3N4-D 
catalysts are initially measured by the corresponding Mott- 
Schottky plots at different frequencies, as exhibited in Figure 5a 
and S7. After potential conversion, the CB potentials of g-C3N4, 
g-C3N4-D and S-g-C3N4-D are calculated to be –0.88, –0.97 and 
–1.03 V vs. RHE. In addition, combined with the bandgap energy 
mentioned above, the corresponding valence band (VB) posi-
tions are established respectively as 1.90 V of g-C3N4, 1.67 V of 
g-C3N4-D, and 1.66 V of S-g-C3N4-D. The band structure align-
ments with respect to RHE are described in Figure 5b, of which 
the band gap between CB and VB all encompasses the energy 
levels of water oxidation and reduction, indicating the feasibility 
of H2 evolution. Additionally, the CB position of S-g-C3N4-D mi-
grates respectively by 0.15 and 0.06 eV in the negative direction 
relative to that of g-C3N4 and g-C3N4-D, which reveals the en-
hanced reduction properties of photo-generated electron for 
S-g-C3N4-D sample, thereby facilitating the photocatalytic H2 
generation. Furthermore, the positive curvilinear incline slopes 
presented in Figure S7b and S8c suggest that both the S-doped 
and defective active sites display the typical N-type semicon-
ductor characteristic. In addition, the ultraviolet photoelectron 
spectroscopy (UPS) of S-g-C3N4 and g-C3N4-D is recorded at the 
excitation energy of 21.22 eV (HeⅠ) vs. the vacuum level (Vac) 
to accurately evaluate the definite direction of electron transfer 
between the sulfur-doped and defective active sites. Figure 5c 

Figure 5. (a) Mott-Schottky plots of S-g-C3N4-D obtained from different 
frequencies. (b) The band structure alignments of g-C3N4, g-C3N4-D and 
S-g-C3N4-D. (c) The UPS spectra of S-g-C3N4 and (d) g-C3N4-D. 

Figure 6. The band edge bending, internal electric field, charge transfer 
mechanism and structural configuration of sulfur-doped g-C3N4/defective 
g-C3N4 isotype step-scheme heterojunction. 
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and 5d displays the UPS results of S-g-C3N4 and g-C3N4-D. The 
corresponding work function can be calculated by subtracting the 
electron cutoff energy, which stands for the difference between 
the vacuum level (0 eV) and Fermi level (Ef). Accordingly, the Ef 
values of S-g-C3N4 and g-C3N4-D are found to be –2.01 and  
–1.58 eV, respectively. Therefore, the electron will migrate from 
the defective active positions to the sulfur-doped active sites, 
which is the same electron transfer mechanism as the step- 
scheme heterojunction.  

On the basis of the above analysis, the noteworthy N-type 
semiconductor characteristic accompanied by the high-and-low 
CB and VB positions, as well as the distinct direction of electron 
transfer indicates the establishment of a memorable isotype 
step-scheme heterojunction between the sulfur-doped and de-
fective active sites in the structural configuration of the 
S-g-C3N4-D photocatalyst. As displayed in Figure 6, the S-doped 
active sites in the microstructural unit of S-g-C3N4-D exhibit the 
higher CB and VB position, corresponding to the reduction-typed 
domains, while the defect sites are assigned to the oxida-
tion-typed domains with the lower CB and VB position.[35,56–58] 
Therein, the electrons in S-doped position spontaneously trans-
fer to defective sites across the close contact between the two 
active sites, resulting in the positively charged S-doping domain 
and negatively charged defect domain.[28,59] Spontaneously, an 
internal electric field (E) is constructed at the interface, which 
further endows the bending of band edge (Figure 6). Therefore, 
the unserviceable electrons on the CB of defect location and the 
unnecessary holes on the VB of S-doping position recombine 
each other under the drive of coulomb interaction, internal elec-
tric field band edge bending in the process of photocatalytic H2 
evolution.[60,61] Meanwhile, the valuable electrons with strong 
reducibility and stronger oxidability of holes are enriched in the 
CB of S-doping and the VB of defect sites, which devotes to the 
supreme redox capacity of S-g-C3N4-D photocatalyst,[62,63] 
thereby endowing the strong driving force for photocatalytic H2 
evolution. 

n CONCLUSION  

In summary, a neoteric metal-free isotype step-scheme hetero-
junction composed by sulfur-dopants and abundant defects 
(S-g-C3N4-D) has been successfully developed via in-situ pyrol-
ysis of DMF, urea and powdered sulfur. The resulting catalyst not 
only displays well-defined lamellar morphology with large surface 
areas, but also possesses good fluffiness and dispersibility due 
to the federative integration of S-dopants and defects. Therein, 
the high-temperature polymerization between the amide group of 
urea molecule and the amino groups of DMF plays an indelible 
role in the formation of abundant defects. Attributed to the ad-
vantageous characteristics of defect-rich lamellar nanoskeleton, 
sulfur-doped micr/mesoporous nanoframework, and excellent 
photoelectrochemical properties, as well as the construction of 
sulfur-doped g-C3N4/defective g-C3N4 isotype step-scheme het-
erojunction, the photocatalytic H2 evolution rate of S-g-C3N4-D is 
almost 9 times higher than that of pristine g-C3N4. Most im-
portantly, this work will offer some new insights for the fabrication 
of g-C3N4-based metal-free isotype step-scheme heterojunction. 
Additionally, the developed in-situ synthesis strategy in this work 
will provide some accomplished methodologies for synthesizing 
other multifunctional nanomaterials, including photocatalysts and 

electrocatalysts. 

n EXPERIMENTAL 

Preparation of Graphitic-carbon Nitride (g-C3N4). 15 g of urea 
was annealed at 400 °C for 1 h and calcined at 550 °C for 
another 3 h with a ramp rate of 15 ℃ under air atmosphere to 
from a yellow-colored graphitic-carbon nitride (g-C3N4). 

Fabrication of Sulfur-doped Defect-rich Graphitic-carbon 
Nitride (S-g-C3N4-D). Typically, 15 g of urea and 4 g of powdered 
sulfur were added into 20 mL of N,N-dimethylformamide (DMF) 
under continuous stirring at 25 ℃ for 0.5 h to form a uniform 
yellow liquid mixture. Sebsequently, the yellow mixture was 
directly annealed at 400 °C for 1 h and calcined at 550 °C for 
another 3 h with a ramp rate of 15 ℃ under air atmosphere. 
After natural cooling, the sulfur-doped defect-rich graphitic- 
carbon nitride photocatalyst was obtained and designated as 
S-g-C3N4-D. For comparison, the defect-rich graphitic-carbon 
nitride (g-C3N4-D) sample was prepared in a similar way without 
the addition of powdered sulfur. Moreover, the S-g-C3N4-D 
photocatalysts obtained at different contents of DMF and 
powdered sulfur were also synthesized to optimize photocatalytic 
performance. 

Photocatalytic Hydrogen Evolution Tests. The photocatalytic 
hydrogen evolution measurements were carried out in a full glass 
automatic on-line four trace gas analysis system (Labsolar-6A, 
Beijing PerfectLight, China). A Xe lamp with an output power of 
300 W (with a λ ≥ 420 nm cutoff filter as simulated visible light) 
acted as the light source. In a typical process, 10 mL of triethan-
olamine (TEOA, sacrificial electron donors) and 20 mg of 
as-prepared photocatalysts were added into 90 mL of deionized 
water. Then, 3 wt% of platinum provided by H2PtCl6·6H2O was 
added to the mixed solution as a co-catalyst. Necessarily, the 
above photocatalyst solution was sonicated for at least 30 min 
before light exposure. Moreover, the photoreactor was also 
evacuated for 10 min until the air was completely removed before 
testing. During photocatalytic tests, the suspension was stirred 
continually, and the gas concentration balance was flowed by a 
fan. Additionally, the circulating cooling water (10 ℃) system 
was kept open throughout the whole photocatalytic H2 reaction 
process to eliminate the thermal effect of photocatalysts. The 
generated H2 by photocatalytic reaction was detected by an 
online gas chromatograph accompanied by a thermal conductiv-
ity detector (GC9790Ⅱ, China) with Argon as carrier gas. The 
amount of generated H2 was estimated from the corresponding 
calibration plot. The apparent quantum efficiency (AQE) of 
S-g-C3N4-D was measured according to the following equations. AQE(%) = ������ �� ������� ��������������� �� �������� �ℎ����� × 100% 

= 2 × ������ �� ������� �� ��������������� �� �������� �ℎ����� × 100% 
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