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Abstract

®

CrossMark

The photocatalytic evolution of hydrogen (H,) from water splitting is considered a promising
route to overcome the energy crisis, and the key lies in the preparation of efficient photocatalysts.
Herein, superior ordered sponge-like carbon self-doped graphitic carbon nitride (g-C3Ny)
nanosheets (SCCNS) were prepared via a combined strategy of melamine—cyanuric acid
complex supramolecular pre-assembly and solvothermal pre-treatment using ethylene glycol

(EG) aqueous solutions (EG:water = 50:50 vol.%) as a solvent and carbon doping source. The
following pyrolysis converts the naturally arranged melamine—EG—cyanuric acid supramolecular
intermediates to highly crystalline SCCNS with large specific surface areas. The optimal
SCCNS-180 exhibits superior photocatalytic H, evolution activities (~4393 and 11 320 pgmol
h™' g~ ') when irradiated with visible light and simulated sunlight; these values are up to ~17-
and ~18-fold higher than that of bulk g-C3N,4. The quantum efficiency of SCCNS-180 at

A = 420 nm can reach 6.0%. The excellent photocatalytic performance of SCCNS-180 derives
from its distinct ordered sponge-like nanosheet structure with highly crystallinity and the carbon
doping, leading to its improved optical absorption, accelerated photoinduced electron—hole pair
transfer and separation rate and enlarged specific surface area (134.4 m* g~ ).

Supplementary material for this article is available online

Keywords: carbon self-doped, graphitic carbon nitride nanosheets, supramolecular pre-assembly,
highly crystalline, photocatalytic H, evolution

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to the over-consumption of fossil fuels in recent years,
the energy crisis is being aggravated day by day. Thus,
alternative green and renewable energy sources need to be
developed to tackle the energy shortage problem [1-4]. The
photocatalytic splitting of water for hydrogen (H,) evolution
using solar energy is viewed as a promising route because of

0957-4484/21/155604+10$33.00

the inexhaustible solar energy source and the abundant water
resources on Earth [5-9]. Thus, various semiconductor pho-
tocatalysts have been developed for UV- or visible-light-dri-
ven Hj evolution, including TiO, [10], BiVO, [11], Bi,WO¢
[12], AgzPO4 [13], CdS [14] and Fe,O3 [15]. However, the
wide band gap metal oxide semiconductors, such as
Ta,0s5 (~4.0eV), ZnO (~3.4eV) and TiO, (~3.2¢eV),
exhibit a low utilization rate of solar energy because of their

© 2021 I0OP Publishing Ltd  Printed in the UK
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limited sunlight absorption range. Thus, several photo-
catalysts with a narrow band gap and a suitable band struc-
ture, including metal nitrides, metal phosphides and metal
sulfides, have also been studied for photocatalytic H, evol-
ution, for example InN (~1.1eV), Ni,P (~1.0eV) and
CdS (~2.4eV). However, the disadvantages of auto-oxida-
tion and photocorrosion dramatically limit their further
applications [16]. Recently, graphitic carbon nitride ( g-C3Ny)
has attracted tremendous interest since Wang and his collea-
gues reported in 2009 that, when irradiated with visible light,
g2-C3N, could drive water splitting to produce H, and O, [17].
As a promising nonmetallic semiconductor photocatalyst,
g-C3Ny can utilize visible light O\ < 460 nm) effectively to
split water for H, evolution, owing to its appropriate band gap
(~2.7eV) and suitable energy level position. It also exhibits
excellent chemical stability (against organic solvents, alkali
and acid) as well as thermal stability (stable at <600 °C in air)
[18]. In addition, g-C3N, can easily be obtained by direct
thermal polycondensation of N-rich precursors, including
urea [19], thiourea [20], cyanamide [21, 22], melamine [23],
ammonium thiocyanate [24] and dicyandiamide [25]. More-
over, chemical exfoliation can functionalize it easily [26].
g-C5Ny is acknowledged as a promising photocatalyst with
great potential for photocatalytic H, production because of its
tremendous advantages, such as ease of preparation, a proper
energy band structure, easy functionalization, abundance and
outstanding physicochemical stability [27-29]. However, the
traditional method for preparing bulk g-C3N, (bulk-CN) via
direct thermal polymerization of N-rich precursors generally
has many shortcomings, including a disordered structure,
limited specific surface area, high photoinduced electron—hole
pair recombination rate, limited electroconductibility and
limited visible-light utilization (<460 nm) [30, 31]. Thus, for
its specific applications it is crucial to produce g-C3Ny-based
photocatalysts with an ordered structure, increased specific
surface area, enhanced photoabsorption, improved electrical
conductivity and lower charge carrier recombination rate —
and thus enhanced photocatalytic performance. Great efforts
have been made to prepare g-CsN, with high catalytic per-
formance, for example to composite it with non-noble metal
cocatalysts [32-38], noble metals, conductive materials or
semiconductors [39]. It is also feasible to promote the pho-
tocatalytic properties of g-C3;Ny4 by synthesizing thinner, well-
organized, porous, highly crystalline and doped g-C5N4-based
materials [40—42], and a supramolecular pre-assembly strat-
egy has been proved as a promising route to prepare ordered
and morphologically controllable g-C;N4. However, the
supramolecular pre-assembly strategy can produce a rela-
tively low crystallinity because of the incomplete poly-
condensation reaction. Interestingly, in recent years,
melamine precursor hydrothermal pre-treatment has been
proved as a feasible and efficient method to prepare highly
crystalline g-C3N,4 with a large specific surface area [43, 44].
Furthermore, non-metal doping was found to be a feasible
route to optimize the electronic structure and photocatalytic
performance of g-C3;N,. However, anion doping has several
drawbacks, including a reduction in the reducibility of pho-
togenerated electrons. Moreover, the external impurities may

act as recombination centers for photoinduced charge carriers.
Dong’s group have reported that the energy band and intrinsic
electronic structure of g-C3N4 can be changed via carbon self-
doping, thus extending its visible light absorption range and
promoting its electroconductibility and photoreduction per-
formance, while no impurities and defects were incorpo-
rated [45].

Herein, an alternative facile method was developed to
produce sponge-like carbon self-doping g-C;N,4 nanosheets
(SCCNS) via direct calcination of the solvothermally pre-treated
cyanuric acid—melamine supramolecular complex in ethylene
glycol (EG) aqueous solution, in which EG can act as a solvent
as well as the carbon doping source to build cyanuric acid-EG—
melamine complexes. Consequently, the solvothermal temper-
ature greatly affects the physicochemical properties of the as-
prepared photocatalysts. That is, the desired superior carbon self-
doping g-C3N,4 nanosheets can only be obtained at an appro-
priate solvothermal temperature. The optimal SCCNS sample
was successfully obtained at a solvothermal temperature of
180 °C (SCCNS-180). In particular, the as-obtained optimal
SCCNS-180 exhibited enhanced optical absorption, accelerated
photoinduced electron—hole pair separation and transfer rate, a
superior electronic band structure and a larger specific surface
area. Thus, the as-obtained SCCNS-180 displays dramatically
improved photocatalytic activities for H, evolution (~4393 and
11 320 pmolh~' g™, values which are ~17- and ~18-fold
those of the bulk-CN (~258 and 620 pmolh 'g™') when
irradiated with visible light (A > 400 nm) and solar irradiation,
respectively. Besides, the quantum efficiency (QE) of SCCNS-
180 at a wavelength of 420 nm reaches 6.0%, indicating its
relatively good visible light utilization.

2. Experimental methods

2.1. Synthesis of photocatalysts

To synthesize BCN 6 g of melamine was placed in a crucible
which was wrapped with Al foil. Afterwards, the crucible was
heated at 550 °C for 3h under a nitrogen atmosphere in a
quartz tube furnace, at a heating rate of 5°C min .

For the SCCNS-T (T means the treated temperature)
samples, first 0.5 g of cyanuric acid and 0.24 g of melamine
were respectively dissolved into 55 and 15 ml of hot EG
aqueous solution (90 °C) (EG:water = 50:50 vol.%) under
continuous stirring. The molar ratio of cyanuric acid to mel-
amine was set at 2:1. After complete dissolution, the mela-
mine solution was slowly dropped into the cyanuric acid
solution and a white precipitate was quickly produced, which
was kept stirred for 30 min. Then, the as-obtained white
suspensions were transferred to a 100 ml Teflon-lined auto-
clave and heated at 160, 180 and 200 °C for 24 h, respectively
(as shown in scheme 1). After cooling down to room temp-
erature, the white precursors were centrifuged, washed thor-
oughly with distilled water and ethanol three times
respectively, then dried at 100 °C in an electric oven over
night. SCCNS-T samples were finally prepared by heating the
white solid at 550 °C for 3 h in a tube furnace at a heating rate
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Scheme 1. The process for preparation of SCCNS-T samples.

of 5°C min~' under a N, atmosphere. Finally, the as-
obtained products were collected as SCCNS-160, SCCNS-
180 and SCCNS-200, respectively. Other solvothermal
parameters that may affect the photocatalytic activities of
SCCNS-T, including the molar ratio of cyanuric acid to
melamine (0.5-3.0), the solvothermal time (18-30h) and the
annealing temperature (500-570 °C), were also optimized to
maximize the photocatalytic H, evolution performance.
Moreover, the supramolecular pre-assembly precursor was
calcined directly without solvothermal pre-treatment and
labeled as pristine-CN (figure S1, available online at stacks.
iop.org/NANO/32/155604 /mmedia) for comparison.

2.2. Characterization, photoelectrochemical and photocatalytic
activity tests

Detailed descriptions of the characterization methods and
photoelectrochemical and photocatalytic activity tests can be
found in the supporting information.

3. Results and discussion

The crystal structure of the bulk-CN and various SCCNS-T
samples was investigated by x-ray diffraction (XRD). As
shown in figure 1(A), all samples exhibited typical diffraction
peaks characteristic of g-C3;N,, i.e. a remarkable peak at
~27.7° and a weak peak at ~13.0°, consistent with previous
reports [46]. For bulk-CN, the peak corresponding to the
interlayer aromatic segment stacking is located at 27.7°, and
is ascribed to a typical (002) lattice plane, while the peak
corresponding to the in-plane tri-s-triazine units is located at
13.0°, and is ascribed to the (100) phase [47, 48]. The (002)
diffraction peak of SCCNS-180 shifted to a higher angle
(28.2°) compared with bulk-CN (27.7°), indicating that the
interlayer stacking distance of SCCNS-180 was reduced from
that of bulk-CN, which can be more conducive to charge
carrier separation and transfer between the interlayers of

SCCNS-180. The reduced interlayer stacking distance of
SCCNS-180 can be ascribed to a combination of melamine—
cyanuric acid supramolecular complex pre-assembly and
solvothermal pre-treatment at moderate temperature, giving
the as-prepared SCCNS-180 an ordered and highly crystalline
structure. This result implies that the SCCNS-180 exhibited a
much enhanced charge carrier separation rate and thus a much
improved photocatalytic activity for H, production [49].
Moreover, FTIR spectroscopy was used to obtain physico-
chemical structural information about the samples
(figure 1(B)). It was found that the IR bands of all SCCNS-T
samples are consistent with those of bulk-CN, suggesting that
the chemical structure of all SCCNS-T samples is nearly
identical to bulk-CN. As we know, the peaks around
808 cm ' belong to the characteristic s-triazine unit out-of-
plane skeletal bending modes, and the enhanced peaks in
SCCNS-180 indicate the reduced molecular layers in
SCCNS-180, which can be favorable for photoinduced charge
carrier separation and transmission [50-52]. In addition, the
weak peak near 808 cm~ ' may be ascribed to the doping
carbon which might replace some of the nitrogen sites. The
peaks at about 1200-1800 cm™' belong to the sp?> C=N
stretching vibration modes [53]. Meanwhile, the broad band
between 3000 and 3600 cm ™" is assigned to the -NH, groups
or the surface-absorbed H,O molecules. Enhanced absorption
between 3000 and 3600 cm ™" of the SCCNS-180 sample is
clearly seen, suggesting that SCCNS-180 has a larger exposed
surface than the other samples [49, 54, 55].

To investigate the specific surface area and the porous
structure of the samples, N, absorption—desorption isotherms of
all samples were obtained (figure 1(C)). All samples displayed a
similar type IV isotherm shape. Moreover, compared with bulk-
CN, all SCCNS-T samples exhibited a much enlarged specific
surface area (see table S1 for details). The Brunauer-Emmett-
Teller (BET) surface areas of SCCNS-160, SCCNS-180 and
SCCNS-200 are measured to be 47.2, 134.4 and 45.3 m? g_l,
which are all much larger than that for bulk-CN (16.5m”* g™ ").
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Figure 1. XRD patterns (A), FTIR spectra (B), N, adsorption/desorption isotherms (C) and pore size distribution (D) of bulk-CN and various

SCCNS-Ts.

In particular, SCCNS-180 has a BET area more than eight-fold
higher than bulk-CN. The pore size distribution can be seen in
figure 1(D). Both bulk-CN and SCCNS-T exhibit a similar pore
size distribution range (~3-140nm); however, SCCNS-180
shows a broader distribution range (6—40 nm), suggesting a well-
generated mesoporous structure. The average pore diameter and
total pore volume of all samples are shown in table S2. Although
bulk-CN exhibits a slightly larger average pore diameter
(~30nm) than SCCNS-T samples (~17-22 nm), the total pore
volume of all SCCNS-T samples (0.19-0.71 cm® g') is still
larger than that for bulk-CN (0.12 cm® g™ 1), especially SCCNS-
180 (0.71 cm®g™"), which has about a six-fold greater pore
volume than bulk-CN. The increased surface area and pore
volume of SCCNS-180 derive from its unique sponge-like
nanosheet structure. Significantly, the greatly increased surface
area and pore volume of SCCNS-180 give it more reactive sites
as well as the conversion rate of H,O to the desired H,,
resulting in its dramatically enhanced photocatalytic activ-
ity [56].

To further determine the micromorphology and structure of
different SCCNS-T samples they were examined by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) (figures 2(A)~(C) and (D)—(F)). It was found that
the solvothermal pre-treatment temperature in this work affected
the morphology and structure of SCCNS-T samples dramati-
cally. That is, when the solvothermal pre-treatment temperature
was just 160 °C, the as-obtained SCCNS-160 sample exhibited a
disordered and irregular shape (shown in figures 2(A) and (D)).

When the solvothermal temperature was increased to 180 °C, the
as-prepared SCCNS-180 sample became much ordered, with a
regular sponge-like nanosheet structure with some wrinkles
(figures 2(B) and (E)). Moreover, the SCCNS-180 nanosheets
exhibited remarkable curvature at the edge of the sheets. As
shown in figure S 2(A), the dark contrast lines at the end of the
sheet are believed to be the standing edges or wrinkles of the
nanosheets. Such distortion of the two-dimensional nanosheet
structure can be stabilized, a situation which is also found in
single-layered graphene [57]. High-resolution TEM (HRTEM)
images were also obtained for SCCNS-180 to identify the sur-
face structures (figure S 2(B)); SCCNS-180 exhibited a thin
nanosheet structure with some wrinkles. Moreover, lattice frin-
ges of about 0.67 and 0.33 nm were observed, attributed to
typical g-C3N, (100) and g-C3N,4 (002) and consistent with the
XRD results, indicating that the as-obtained SCCNS-180 still
possesses a typical g-C;N, structure after carbon self-doping.
The unique ordered sponge-like nanosheet structure of the
SCCNS-180 sample could give it enhanced optical absorption,
improved charge carrier separation and transfer rate and an
enlarged surface area and thus more exposed reactive sites.
Consequently, SCCNS-180 could show a much improved
photocatalytic H, evolution. However, with further increase in
the solvothermal pre-treatment temperature to 200 °C, the as-
obtained SCCNS-200 sample becomes disordered again as
shown in figures 2(C) and (F), which will not favor its photo-
catalytic activity. The field emission TEM (FETEM) and
corresponding elemental distribution results for SCCNS-180 are
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Overlapping
500 nm

Figure 2. Micromorphology and structure of different SCCNS-T samples: SEM (A)—(C) and TEM (D)—(F) of SCCNS-160, SCCNS-180 and
SCCNS-200, respectively; FETEM (G) and the corresponding elemental mappings of SCCNS-180 for overlapping of C and N (H), C (I) and

N (J) elements.

shown in figures 2(G)—(J), demonstrating that C and N are
uniformly distributed in SCCNS-180. STEM-EDX was also
carried out for bulk-CN, SCCNS-160, SCCNS-180 and
SCCNS-200 to investigate their elemental composition (see
table S3). It was found that the carbon atomic concentrations of
SCCNS-160 (51.33%), SCCNS-180 (56.15%) and SCCNS-200
(55.77%) were all higher than that of bulk-CN (49.86%), indi-
cating the successful carbon doping in SCCNS-T samples.
The surface compositions of bulk-CN and SCCNS-180
were further investigated by x-ray photoelectron spectroscopy
(XPS), as shown in figure 3. Both bulk-CN and various
SCCNS-180 samples exhibit two sharp peaks at ~284 and
~398 eV (figure 3(A)), ascribed to C 1s and N 1s, respec-
tively. Moreover, two peaks corresponding to C—C/C=C and

(5]

N=C-N can be seen in the high-resolution XPS spectra of C
Is for both bulk-CN and SCCNS-180, with the binding
energies located at ~284.6 and ~288.2eV (figure 3(B)).
Furthermore, the area ratios of the peaks at 284.6 and
~288.2 eV were calculated as 0.054 and 0.061 for bulk-CN
and SCCNS-180, respectively. The relatively increased C-C/
C=C component of SCCNS-180 certified the successful
carbon doping in SCCNS-180. Figure 3(C) shows the N 1s
spectra of bulk-CN and SCCNS-180, among which four
peaks can be observed at binding energies of ~398.6,
~399.7, ~400.9 and ~404.3 eV, which are ascribed to the
C-N=C, N—(C); and N-H groups and the m-electron delo-
calization in g-C;Ny4 heterocycles, respectively. Moreover, the
area ratios of the peaks at 399.7 eV for SCCNS-180 compared
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Figure 3. XPS spectra (A), high-resolution C 1s (B) and N 1s (C) spectra of bulk-CN and SCCNS-180.

with bulk-CN, increased from 14.7% to 22.5%, but decreased
from 20% to 17.9% at 400.9 eV, suggesting that the carbon-
bridged structure in SCCNS-180 was formed because the
doping carbon atoms take the place of hydrogen atoms in
some of the amino groups (N-H) [57]. Elemental analysis by
XPS was also conducted to determine the molar ratio of C/N
for bulk-CN and SCCNS-180 (see table S4). Consequently,
the C/N ratio was 0.708 and 0.713, respectively, for bulk-CN
and SCCNS-180, indicating the characteristic carbon self-
doping.

The optical properties of bulk-CN and various SCCNS-T
samples are displayed in figure 4. All SCCNS-T samples
exhibit much greater visible light absorption (A > 450 nm) than
bulk-CN (figure 4(A)). Moreover, the band gaps of all samples
were calculated by the corresponding Tauc plots (figure 4(B)).

It was found that the band gaps of various SCCNS-T samples
(2.36, 2.46, 2.37eV for SCCNS-160, SCCNS-180, SCCNS-
200) were slightly more broadened than that of bulk-CN
(2.32eV). Significantly, the additional absorption region of
SCCNS-T from 450 to 800 nm derives from the n—7" electronic
transitions involving nitrogen lone pairs, which is allowed for
distorted polymeric units but forbidden for planar symmetric s-
triazine or heptazine structures [58]. Generally, high-temper-
ature calcination in an inert gas atmosphere can improve
g-C3N, condensation, whereas we successfully prepared dis-
torted SCCNS-T nanosheets by simple carbon self-doping. The
unique distorted SCCNS-T nanosheet structure could cause the
intrinsic electron and band structure changes in SCCNS-T [57].
Consistent with the absorption results, bulk-CN and various
SCCNS-T samples exhibited a corresponding change in color
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from light yellow to gray (figure 4(C)). The band edges of bulk-
CN and SCCNS-180 were further studied using valence band
(VB) XPS spectra, as shown in figure S3, and the VBs for both
were 2.20 and 1.88 eV, respectively. Combined with their band
gaps (2.32 and 2.46 eV), the conduction bands (CBs) of bulk-CN
and SCCNS-180 were calculated to be —0.12 and —0.58 eV,
respectively. Obviously, the CB of SCCNS-180 negatively shifts
by 0.46eV compared with bulk-CN, leading to its enhanced
photocatalytic reduction ability for H, production. The specific
energy band structures of bulk-CN and SCCNS-180 are shown
in figure 4(D). Thus, SCCNS-180 with its enlarged specific
surface area and enhanced reduction ability could be a superior
visible-light responsive photocatalyst for H, production.

Since photogenerated charge carrier transfer and separation
efficiency greatly affect the photocatalytic performance of pho-
tocatalysts, photocurrent density, electrochemical impedance
spectroscopy (EIS), photoluminescence (PL) spectroscopy and
time-resolved fluorescence decay spectroscopy were conducted
for all samples [36]. As shown in figure 5(A), all SCCNS-T
samples displayed much enhanced photocurrent density

compared with bulk-CN when irradiated with visible light,
and the photocurrent densities were about 0.26, 0.60, 0.84 and
1.20 pA cm 2 for bulk-CN, SCCNS-200, SCCNS-160 and
SCCNS-180, respectively. These trends are consistent with the
samples’ photocatalytic H, evolution performance. The highest
photocurrent in  SCCNS-180 indicates its superior photo-
generated charge carrier separation and transfer rate, which favor
its photocatalytic activity. The improved charge carrier transport
in SCCNS-T samples can be further verified by the reduced
hemicycle radius obtained using EIS, since arc radius is nega-
tively correlated with the charge carrier transfer rate. As shown in
figure 5(B), the order of hemicycle radius is bulk-CN > SCCNS-
200 > SCCNS-160 > SCCNS-180, suggesting that SCCNS-
180 possesses superior charge carrier transfer and greater
separation rate; this result is consistent with the photocurrent—
time curve. The PL spectrum was also obtained to further char-
acterize the photogenerated charge carrier separation efficiency of
bulk-CN and SCCNS-T since PL intensity always reveals the
photoinduced electron-hole pair recombination rate. Specifically,
a lower PL intensity indicates a decreased photoinduced
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Figure 5. Photocurrent responses (A), EIS Nyquist plots (B), PL emission spectra (A.x = 400 nm) (C) and time-resolved PL spectra (D) of

bulk-CN and various SCCNS-T samples.

electron-hole pair recombination rate [59]. As displayed in
figure 5(C), all samples showed a remarkable PL peak at
~450 nm, which represents the direct recombination of photo-
induced electron—hole pairs of the band gap. Significantly, the PL
emission peaks of all SCCNS-T samples blue-shift slightly,
demonstrating their slightly enlarged band gaps. Moreover, the
PL intensity of all SCCNS-T samples decreased dramatically
compared with bulk-CN, especially for SCCNS-180, indicating a
much decreased photoinduced electron—hole pair recombination
rate in SCCNS-180. This may be attributed to the unique sponge-
like nanosheet structure of SCCNS-180 with self-doped carbon,
leading to its shorter charge carrier migration path and improved
electronic conductivity, thus suppressing photoinduced electron—
hole pair recombination. To further study the photogenerated
charge carrier lifetime of samples, time-resolved PL was also
performed, and the corresponding fitted parameters can be found
in table S5. As shown in figure 5(D), the fluorescent lifetime of
SCCNS-180 (7=5.00ns) was prolonged compared with
SCCNS-160 (T = 4.64 ns), SCCNS-200 (7 = 4.22 ns) and bulk-
CN (7 = 4.08 ns), indicating its superior charge carrier transfer
and separation rate [60, 61].

The photocatalytic H, evolution of bulk-CN and SCCNS-T
irradiated by visible light (A > 400 nm) was evaluated. Both
bulk-CN and various SCCNS-T samples exhibit linear increased
photocatalytic H, production rates (figure 6(A)), demonstrating

their excellent photostability. SCCNS-180 exhibits the best
photocatalytic H, production. The average photocatalytic H,
production rates of bulk-CN and various SCCNS-T samples are
displayed in figure 6(B). All SCCNS-T samples exhibit a
higher H, evolution rate than bulk-CN, especially SCCNS-180
(~4393 pimol g ' h™"), which is ~17 times as much as bulk-CN
(~258 pumolh~'g™"). Moreover, to confirm the stability of
SCCNS-180, the H, evolution time course of SCCNS-180 is
shown in figure 6(C). The yield of H, over 4h continuous
irradiation remains almost linear, and hydrogen evolution rate
shows no obvious decline within 10 cycles, indicating the
superior photocatalytic stability of as-prepared SCCNS-180.
Furthermore, the structure and morphology of the fresh and
reused SCCNS-180 were also studied by XRD and FETEM
(figure S4); the recycled SCCNS-180 sample showed no
obvious change, confirming the excellent stability of the as-
prepared catalysts. In addition, the QE of SCCNS-180 under
illumination by 420 nm monochromatic light was also tested
(figure 6(D)). The QE of SCCNS-180 for a wavelength of
420 nm is 6.0%; several reported g-C3N4 materials with high QE
and H, evolution rate are summarized in table S6. SCCNS-180
shows much better catalytic performance, indicating its relatively
good utilization of visible light . Furthermore, the photocatalytic
H, production activity of bulk-CN and various SCCNS-T
samples under irradiation with a 300 W Xe lamp were also
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Figure 6. Photocatalytic H, production over time (A) and average photocatalytic H, evolution rates for bulk-CN and various SCCNS-T
samples. The stability of photocatalytic H, evolution (C) and QE with a 420 nm band-pass filter (D) for SCCNS-180.

tested (see figure S5); SCCNS-180 also exhibited the most
remarkable photocatalytic H, evolution activity (~11 320
pmol h™' g1, ~18 times higher than that of bulk-CN (~620
pmolh~' g™ 1), indicating its excellent photocatalytic activity
under solar light. The photocatalytic H, evolution performance
of SCCNS-180 in aqueous solution with different sacrificial
agents was also investigated and the results are shown in figure
S6. It was found that compared with the optimum sacrificial
agent (triethanolamine) used in the present work, another com-
monly used sacrificial agent, namely methanol, showed much
lower H, evolution activity; work on the intrinsic correlation of
the structure of SCCNS-180 with the type of sacrificial agent is
under way and will be reported later.

Considering the high performance of g-C3;N, cocatalysts in
improving photocatalytic H, evolution and the limitation of the
noble metal Pt because of its low abundance and high price
[32-34], our aim is to improve the photocatalytic H, evolution
performance of as-prepared SCCNS-180 by compositing it with
efficient non-noble metal and/or metal-free cocatalysts, includ-
ing graphene, black phosphorus, NiS, CoP and MoSx; work on
this is currently under way.

4. Conclusions

In summary, we have developed novel sponge-like carbon self-
doping g-C3N; nanosheets with a well-organized, highly

crystalline, large specific surface area structure and excellent
conductivity. Synthesis is via simple one-step calcination of a
supramolecular precursor obtained from a combination of the
supramolecular pre-assembly (including melamine, cyanuric acid
and EG) and the solvothermal pre-treatment. The as-prepared
SCCNS-180 exhibits the following advantages: (a) enhanced
visible absorption; (b) reduced charge carrier combination rate;
(c) enlarged surface area and thus many more reactive sites; and
(d) improved photoreduction activity. As a result, SCCNS-180
exhibited a dramatic visible light (A > 400nm) and simulated
sunlight-driven photocatalytic H, evolution performance, with the
H, evolution rate reaching ~4393 and ~11 320 ymolh ' g™,
respectively, which is ~17 and ~18 times as much as bulk-CN
(~258 and 620 zmolh ™' g~ ). Moreover, the QE of SCCNS-180
over 420nm can reach 6.0%. The present work introduces a
feasible means to prepare a well-organized, highly crystalline
and carbon self-doping g-C3N, photocatalyst for superior photo-
catalytic H, production.
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