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Abstract

Molecular design for the intercalation of S and C in the framework of g-C;N, is a promising strategy to increase visible light
harvesting and facilitate the separation of photoinduced electron/hole pairs. Herein, we reported a facial method to prepare
porous S doped g-C;N, nanotubes by thermal polymerization of urea and 2-thiobarbituric acid. The obtained catalysts con-
tain certain carbon and sulfur atoms in the aromatic rings substituting the nitrogen atoms in g-C;N,, which narrows down
the band gap, and increases the separation of photoinduced charge carriers. Meanwhile, nanotube formation increases the
specific surface area of catalyst. The synergistic effect of S doped carbon rich g-C;N, and nanostructure forming results in
superior photocatalytic H, evolution from water splitting. The study shows that the photocatalytic H, evolution is correlated
with the crystallinity of S doped g-C;N,,.

Graphic Abstract
Schematic illustration for framework of 0.3S-CN and its photocatalytic hydrogen evolution mechanism.
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material with a two-dimensional layered structure, is consid-
ered to be a very promising visible photocatalyst because of
its good chemical stability, narrow band gap energy, simple
preparation technique and low cost [8—12]. However, the
low hybridization between atoms results in its response only
in the ultraviolet light region, and the absorption of visible
light is insufficient, which greatly reduces the photocata-
lytic efficiency of g-C;N, [13]. The photocatalytic quantum
efficiency of g-C;N, still needs to be improved to achieve
large-scale industrial applications. Thus, many methods have
been proposed to improve the photocatalytic activity, such
as element doping [14—17], size and morphology designing
[18-21], porosity forming [22, 23], metal cluster supported
on carbon nitride [24-26], composite with other semicon-
ductor materials to form heterojunction [27-29].
Generally, it is an effective strategy to modify the elec-
tronic structure of semiconductors and their surface prop-
erties by using the element doping, which can effectively
improve their photocatalytic performance. Recently, for
g-C;N, and other conventional photocatalysts (such as TiO,)
[30], it has been proved that the element doping strategy
(such as doping anionic elements such as B, P or F) can
effectively improve the photocatalytic efficiency [31-34].
Zhang et al. showed that the photocatalytic activity of
g-C;N, was increased by P doping [35]. Dong et al. verified
that the nonlocal large & bond formed by the homo-doping
of carbon in g-C;N, can cause the change of intrinsic elec-
tron and band structure, thus improving the absorption of
visible light, and the specific surface area and photocata-
lytic efficiency [16]. The electronic structure changes after
sulfur replaced nitrogen in g-C;N,, by first principle calcula-
tion, and the band gap of the doped material became nar-
rowed [13]. However, these studies have shown that sulfur
doped graphite carbon nitride can effectively improve the
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photocatalytic efficiency of g-C;N, in the degradation of
dyes, but there are few reports on the enhancement of visible
light hydrogen evolution [36-38].

Herein, we report a facile route to prepare S doped car-
bon rich g-C;N, for hetero- and homo-elements doping by
polymerizing 2-thiobarbituric acid and urea. During pyroly-
sis process, sulfur and carbon atoms were intercalated in the
six-membered conjugated rings by a hydrothermal method
(scheme 1). The unique electronic structure of sulfur doped
carbon rich g-C;N, enhances the visible light harvesting
and facilitates the transport and separation of photoinduced
charge carriers.

2 Experimental Details
2.1 Synthesis of the S Doped g-C;N, Microtubes

All chemicals were of analytical grade and used as received
without further purification. First, 10 g urea was dissolve in
the solution of 5 mL absolute ethanol and 5 mL water under
magnetic stirring for 10 min. Different amount of 2-thiobar-
bituric acid (0.005 g, 0.01 g, 0.03 g, 0.05 g and 0.1 g) was
dissolved in the urea solution under magnetic stirring for
10 min, and then the solution was dried in oven at 60 °C.
The white powder was heated at 550 °C for 2 h with a heat-
ing rate of 3 °C/min at N, atmosphere. The obtained yellow
powder was labeled as 0.05S-CN, 0.15-CN, 0.3S-CN, 0.5S-
CN and 1S-CN, corresponding to samples with the ratio of
2-thiobarbituric acid to urea is 0.05 wt%, 0.1 wt%, 0.3 wt%,
0.5 wt%, and 1 wt%, respectively. The reference sample was
prepared by the same method with 10 g urea and labeled as
CN.
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Scheme 1 Molecular design strategy for forming the sulfur doped g-C;N, using urea as precursor and 2-thiobarbituric acid as S source
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2.2 Characterization

The morphology was observed by a scanning electron
microscope (SEM, JSE-7800F, Jeol) and a transmission
electron microscope (TEM, Libra 200FE, Zeiss). The X-ray
diffraction (XRD) patterns were recorded with a Shimad-
zuXRD7000 instrument using Cu Ko as the radiation source
(A=1.5418 A). Fourier transform infrared (FTIR, Frontier)
experiments were carried out using a Perkin Elmer spec-
troscopy instrument in KBr pellets. X-ray photoelectron
spectroscopy (XPS) was carried out to analyze the chemical
state and composition on a VG ESCALAB 250 spectrometer
with Al Ka radiation (hv=1486.8 eV). Ultraviolet—visible
(UV-vis) diffusion reflectance spectra were performed on
U-3310 spectrophotometer (Hitachi, Japan) in the wave-
length range of 300 to 800 nm. Photoluminescence (PL)
measurements were carried out on a F-7000 fluorescence
spectrophotometer (Hitachi, Japan) with an excitation wave-
length at 273 nm using a 150 W Xe lamp as the excitation
source. The nitrogen adsorption—desorption isotherms and
the Brunauer—-Emmett—Teller (BET) specific surface areas
were measured at — 196 °C on an ASAP-2010 apparatus.
The total pore volumes were estimated from the adsorbed
amount of N, at a relative pressure P/P,, of 0.995. Transient
photocurrent and electrochemical impedance spectroscopy
(EIS) measurements were conducted on an Autolab electro-
chemical workstation (PGSTAT302N) in a standard three-
electrode system, using a platinum wire and the saturated
Ag/AgCl electrode as the counter electrode and reference
electrode, respectively. 0.25 M Na,SO, aqueous solution was
used as electrolyte. The working electrode was prepared by
coating the catalysts on a 1.8 cm X 1.2 cm fluorine-doped
tin oxide (FTO) glass substrate. A 500 W Xe lamp with a
420 nm cutoff filter (A >420 nm) and a light intensity of
113.8 mW/cm?was used as a light source. Mott-Schottky
plots were taken at a frequency of 1000 Hz with a bias
potential that ranged from 1.0 to — 1.0 V (vs Ag/AgCl).

2.3 Photocatalytic Hydrogen Generation

Photocatalytic performance was carried out by a full spec-
trum photocatalysts performance evaluation system (Suncat
Instruments Co. China). The reactor was made up a quartz
container with highly transparent window in a diameter of
2.5 cm at the bottom. The irradiation light source was a
500 W Xe lamp (Zolix, Gloria-X500A) with a 420 nm cut-
off filter (A\>420 nm). The reactor with volume of 130 mL
was kept at 20 °C and the light intensity was 113.8 mW/
cm?. 10 mg of photocatalyst was dispersed in 30 mL water
solution with 17% volume concentration triethanolamine
(TEOA) as the sacrificial electron donor, while 1 wt% Pt
ion (H,PtCls-H,0) was loaded on the surface of the samples
by an in situ photodeposition method. Prior to irradiation,

the reactor was evacuated to high vacuum up to 1078 Torr to
remove air and filled with argon. The reaction suspension
was stirred with a magnetic stirrer under irradiation. Dur-
ing the photocatalytic process, 1 mL of the gas sample was
withdrawn from the reaction cell at 30 min intervals and the
pressure was automatically compensated with argon. The
amount of hydrogen evolved was measured per 30 min with
online Shimadzu gas chromatography (GC-2018; Molecular
sieve TDX-01, Ar carrier gas) using a thermal conductivity
detector (TCD). The apparent quantum yield (AQY) of the
photocatalysts was calculated according to the light absorp-
tion and H, evolution rate as follows,

number of transfered electrons in reaction
number of incident photons
2 x number of evolved H, molecules

760
o SX1/E,

AQY (%) = % 100%

x 100

where S is the irradiation area, I is the light intensity, and E,
is the photon energy with wavelength of A.

3 Results and Discussion

SEM and TEM reveal the morphology and microstructure
of pure g-C;N, and S-doped g-C;N, with different ratio
of 2-thiobarbituric acid. Figure 1a shows the CN image,
appearing as a layered massive particle with flocculent
lamellar structure. Figure 1b—f shows the SEM images of
S-doped g-C;N, with different amount of 2-thiobarbituric
acid. The morphologies of catalysts appear as a loose tubular
structure, and the surface of the tube is rough and irregular.
With the increase of 2-thiobarbituric acid, the loose nano-
tube structure was gradually formed with the more dispersed
flocculent lamellar structure. The nanotube structure is regu-
lar and complete for 0.3S-CN, as shown in Fig. 1d. With the
2-thiobarbituric acid amount more than that of 0.3S-CN,
there appears more pores on the wall of nanotube. The TEM
images, in Fig. 1g-h, show that some parts of the 0.3S-CN
catalyst is lamellar structure, and some parts shows loose
tubular structure, and there exists some fragments in the
tube. The morphologies are similar to the porous nanotubes
synthesized via thermal polymerization of urea [39]. The
results showed that the introduction of 2-thiobarbituric acid
affected the surface morphology of CN, increased the spe-
cific surface area and formed more active sites.

Figure 2a shows the XRD patterns of pure g-C;N, and
S-doped g-C;N,. All catalysts have two different diffrac-
tion peaks at about 13.1° and 27.5°, which are consistent
with the characteristic (100) and (002) diffraction peaks
of g-C;N, (JCPDS 87-1526). After S-doping, the diffrac-
tion angle shifts from 27.25 to 27.35°, indicating that the
spacing distance decreases due to the increased interaction
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Fig.2 XRD patterns (a) and FTIR spectra (b) of CN, 0.05S-CN, 0.1S-CN, 0.3S-CN, 0.5S-CN, and 1S-CN

between layers. When the amount of 2-thiobarbituric acid  analysis (Figure S1) showed the crystallinity of S-doped
reaches 1 wt%, a diffraction peak appears at 21.9° caused ~ g-C;N, increases with 2-thiobarbituric acid at first, and
by the introduction of 2-thiobarbituric acid. Detailed  0.3S-CN has the highest crystallinity. Beyond that amount,
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the crystallinity decreases with the increase of 2-thiobar-
bituric acid amount. Figure 2b shows the FT-IR spectra of
CN, 0.05S-CN, 0.1S-CN, 0.3S-CN, 0.5S-CN and 1S-CN
catalysts. The peak at 810 cm™! is the bending vibration
absorption of triazine structure. The peaks at 1233 cm™!,
1315 cm™!, 1400 cm™, 1460 cm™', 1540 cm™' and
1643 cm™! correspond the stretching vibration of aromatic
ring. the peaks at 3000-3500 cm™! are corresponding to the
N-H stretching vibration of amino groups by incomplete
condensation. The peaks remains at same position for differ-
ent amount S doping. But the corresponding vibration peaks
weakens slightly with the increase of S doping. This shows
S doping does not change the skeleton structure of g-C;N,

The measured N, adsorption—desorption isotherms are
shown in Fig. 3a to characterize the specific surface area
of the catalysts. The specific surface area of 0.3S-CN is
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136.097 m?/g, which is larger than 104.77 m?/g of CN. The
results show that formation 0.3S-CN nanotube increases the
specific surface area dramatically, thus provide more active
sites in the photocatalytic reaction [39]. The corresponding
mesoporous distribution of the sample is shown in Fig. 3b.
It can be seen that the mesoporous size is mainly distributed
between 1-6 nm. The mesoporous surface of the material
helps to increase the specific surface area of the material and
enhance the photocatalytic activity.

Figure 4 shows the high-resolution XPS spectra of C,
N, and S elements for CN, and 0.3S-CN nanotubes. The
high-resolution Cls XPS spectra in Fig. 4a can be fit-
ted into three peaks centered at 287.9 eV, 285.9 eV, and
284.4 eV, corresponding to the sp? hybrid C atoms bonded
to N-containing aromatic skeleton rings (N—-C=N) coordina-
tion, C-NH, bonded in the triazine ring, and the graphitic
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Fig. 3 N, adsorption—desorption isotherms and the corresponding pore size distribution curves of CN and 0.3S-CN
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Fig.4 XPS high resolution spectra for Cls (a), N1s (b) and S2p (c) of CN and 0.3S-CN
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carbon impurities, respectively [15]. The N1s spectra in
Fig. 4b can be mainly decomposed to three typical peaks
located at about 398.4 eV, 399.7 eV, and 400.8 eV, 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 [18, 19]. Table 1 showed the different compo-
nent ratios of N1s spectra for CN and 0.3S-CN, in which
the percentage of C—Hy remains almost the same value,
meaning the degree of polymerization is unchanged. The
ration of N atoms in the sp*-hybridized aromatic N atoms
bonded to carbon (C-N=C) decreases to 75.5% from 77.1%
of CN. The C/N ratio for CN and 0.3S-CN is close to the
stoichiometric ratio of g-C;N, by deducting the component
of carbon impurities. These results demonstrated that these
nanotubes are with carbon-rich structure. The S 2p peaks of
the sulfur doped sample in Fig. 4c are centered at 163.6 eV
and 168.3 eV. The peak at binding energy of 163.6 eV can
be attributed to the formation of C-S in g-C;N,, indicating
that S substitutes N atom [40, 41]. While the peak at bind-
ing energy of 168.3 eV can be attributed to the formation of
S=0 by oxygen adsorbed on the surface of 2-thiobarbituric
acid during annealing process [42]. The results show that
sulfur successfully enters the lattice of g-C;N, and the for-
mation of C-S bond in the framework of C-N bond.
Figure 5a shows the UV—-vis diffuse reflectance spectra of
g-C;N, and S-doped g-C;N,. The maximum cut-off wave-
length of pure g-C;N, is 460 nm, and its band gap value is
about 2.70 eV, which is related to the photocatalytic perfor-
mance under visible light. The absorption intensity is signifi-
cantly enhanced after S doping g-C;N,, and the maximum
cut-off absorption wavelength appears obvious red shift
phenomenon (480-614 nm), and the enhancement of the
absorption performance in the visible light part can enhance
the absorption performance (480—614 nm) [43, 44]. Insect
in Fig. 5a shows the Kubelka—Munk function curves of pure
g-C;N, and S doped g-C;N,. After doping g-C;N,, with dif-
ferent amount of 2-thiobarbituric acid, the absorption inten-
sity in visible light region is also significantly enhanced, and
the band gap value gradually decreases to 2.67 eV, 2.66 eV,

Table 1 The component ratios of the N1s spectra for CN and 0.3S-
CN

Samples Binding energy Peak assignment Atomic

(V) percent-
age

CN 398.4 C-N=C (sp?) 77.1
399.7 N-[Cl; (sp”) 12.6
400.8 C-NHy 10.3

0.3S-CN 398.4 C-N=C (sp? 75.5
399.7 N-[C]; (sp®) 145
400.8 C-NHy 10.0

@ Springer

2.57 eV and 2.29 eV for 0.055-CN, 0.1S-CN, 0.3S-CN,
0.5S-CN and 1S-CN, respectively, compared to 2.70 eV of
pure g-C;N,. The enhanced visible light absorption and rela-
tive narrow band gap energy may be attributed to the doping
effect of S and C, which enables effective use of visible light.

Figure 5b shows the transient photocurrent response
curve of all sample electrodes, but under the same bias, the
photocurrent of S-doped sample electrode is stronger than
that of CN electrode, especially the photocurrent value of
0.3S-CN electrode is the highest, about 2.2 times of the
photocurrent density of pure CN. The results show that
the S-doped g-C;N,sample can form more photogenerated
electrons and be effectively guided by light. It is shown in
the figure that the transient photocurrent of S-doped g-C;N,
electrode can respond continuously, and there is no obvious
decrease after 20 cycles, which shows that the structure of
S-doped g-C;N, sample is stable and there is no photo cor-
rosion phenomenon. Figure 5c shows the impedance spec-
trum of g-C;N, and S-doped g-C;N, samples. The arc radius
on the EIS indicates the charge transfer resistance [45, 46].
Generally, a smaller arc radius means a lower charge transfer
resistance. The radius of EIS of S-doped g-C;N, sample
is obviously smaller than that of pure g-C;N, sample, and
the radius of EIS of 0.3S-CN sample reaches the minimum,
which shows that the interface charge transfer resistance
of the electrode obtained by S-doped g-C;N, is smaller,
which can effectively promote the transport and separation
of photocarriers in catalytic reaction [21, 47, 48]. In addi-
tion, the change trend of EIS arc radius of g-C;N, sample
is basically consistent with that of PL spectrum, which is
very important.

The photoluminescence (PL) spectra were carried out
to investigate the recombination and separation of photoin-
duced charge carriers in the bulk g-C;N,, and the g-C;N,mi-
crowires under the excitation wavelength of 374 nm. The
measured PL spectra, as shown in Fig. 5d, showed that all of
the samples exhibit a main emission peak appearing at about
440 nm, which is consistent with the reported value in the
literatures [41]. The PL intensity decreases after S doping,
and 0.3S-CN exhibits lowest intensity, compared to the bulk
g-C;N,. The weaker PL intensity revealing the lower recom-
bination probability of photoinduced electrons and holes,
which could give rise to a higher photocatalytic activity.

Figure 6a shows the Mott-Schottky plots with Ag/AgCl
as reference electrode. The fitting slopes of g-C;N,and 0.3S-
CN are positive, indicating that g-C;N, and 0.3S-CN are
n-type semiconductors. The flat band potential of g-C;N,
is —0.94 V, which corresponds to the conduction band of
—0.94 eV, while that of 0.3S-CN is —1.06 V, which cor-
responds to the conduction band of —1.06 eV. As shown
in Fig. 4a, the band gap value of g-C;N, and 0.3S-CN is
2.70 eV and 2.57 eV, respectively. The valence bands are
1.76 eV and 1.51 eV, for CN and 0.3S-CN, respectively.
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Figure 6b shows the energy band structure of CN and 0.3S-
CN. The reduction potential of 0.3S-CN is more negative
than that of g-C;N,, which is an important reason why the
photocatalytic efficiency of 0.3S-CN is higher than that of
g-C3N,,

The photocatalytic performance of pure g-C;N, and
S-doped g-C;N,catalysts was characterized by photo-
catalytic hydrogen evolution under visible light irradia-
tion (A>420 nm). 10 mg photocatalyst was dispersed in
a solution containing 17 vol% TEOA and 3 wt% Pt ions.
As shown in Fig. 7a, the photocatalytic H,evolution is
about 1.69 pmol/h, 2.35 pmol/h, 8.35 pmol/h, 9.52 pmol/h,
6.67 pmol/h and 2.90 pmol/h, for CN, 0.05S5-CN 0.1S-CN,
0.3S-CN, 0.5S-CN and 1S-CN, respectively. After S dop-
ing, the hydrogen evolution performance of the catalysts
is higher than that of pure CN, and the 0.3S-CN catalyst
exhibits the best performance, which is about 5.85 times as
high as that of pure g-C;N,. The photocatalytic performance
of H, evolution of 0.3S-CN is better than or comparable to
reported results [15, 16]. The stability of hydrogen evolution
of 0.3S-CN catalyst was shown in Fig. 7b. After 5 cycles of
photocatalytic hydrogen production, the activity of the sam-
ple did not decrease significantly, indicating that the catalyst
can be recycled continuously, meeting the requirements of
environmental protection. Table 2 presented the relation-
ship between AQY and the crystallinity of S doped g-C;N,
nanotubes. The hydrogen evolution rate (HER) and AQY
increase as the crystallinity increases. Considering XRD
along with XPS results, we can deduce that HER improve-
ment is resulted from the higher degree of crystallinity. S
doping tunes the energy band structure, facilitating the trans-
fer of photoinduced carrier charges.

30

(@) v
S ® | —e—cx /
g —#—0.055-CN /
3 20 _a—o1sCN
A
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Table 2 Correlation between the AQY (%) and the crystallinity of S
doped g-C;N,

Samples 20 position (°) Crystallinity H, evolution AQY (%)
(%) rate (pmol/h)
CN 27.25 23.2 1.69 0.96
0.05S-CN  27.35 19.5 2.35 1.33
0.1S-CN  27.35 20.3 8.35 4.73
0.3S-CN  27.32 22.0 9.53 5.39
0.5S-CN  27.25 20.5 6.67 3.78
1S-CN 27.25 12.5 2.90 1.65

H2 evolution (umol)

XPS results showed that C and S were doped in the
g-C;N,, framework, and C and S doping could induce the
delocalized = bonds to increase the visible light absorption
[15, 16]. UV—vis spectra showed the visible light harvest-
ing increased after S and C doping. The enhanced visible
light absorption and relative narrow band gap energy may
be attributed to the doping effect of S and C, which enables
effective use of visible light. EIS and PL results showed that
S and C doping effectively promoted the transport and sepa-
ration of photocarriers in catalytic reaction. The reduction
potential of 0.3S-CN is more negative than that of g-C;N,,
and this shift would increase the photoreduction ability of
0.3S-CN, compared with g-C;N, Thus C and S doping
enhances the hydrogen evolution ability of the catalyst under
visible light.

4 Conclusion

In summary, the S-doped g-C;N, photocatalyst was success-
fully prepared by the thermal polycondensation of 2-thio-
barbituric acid and urea as precursor. Under the condition

ST
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ol 1]
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o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
012 3012301223012230123
Time (h)

Fig.7 Hydrogen evolution rates (a) of all sample and stability study (b) of photocatalytic H, evolution of 0.3S-CN under solar radiation with

wavelength of A >420 nm
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of visible light (A >420 nm), the photocatalytic activity was
improved by introducing a small amount of 2-thiobarbituric
acid into the g-C;N, framework. The highest photocatalytic
hydrogen evolution rate of 0.3S-CN is 9.3 umol/h, which is
5.85 times that of g-C;N,. The experimental results show
that S doped carbon rich g-C;N, by 2-thiobarbituric acid as
sulfur source can effectively reduce the band gap, tune the
electronic structure of g-C;N,, and induces the reduction
potential more negative, thus enhancing the hydrogen evolu-
tion ability of the catalyst under visible light.
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