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HIGHLIGHTS

« Hydrothermal treatment induced
biuret recrystallization to form biuret
hydrate with regular morphology and
large crystal size.

« Biuret hydrate as precursor promoted
the thermal polymerization of melem
for the formation of graphitic carbon
nitride (BCN-HT100) network.

« The obtained BCN-HT100 possessed
ultrathin nanosheet structure with
high polymerization degree, large
surface area and plenty of pores.

« Photocatalytic overall water splitting
was achieved with the AQY reaching
5.8% at 380 nm and 4.9% at 405 nm.
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ABSTRACT

Structure regulation (including electronic structure and morphology) for graphitic carbon nitride (g-
C3Ny) is an effective way to promote the photocatalytic activity. Herein, an ultrathin porous g-CsNy4
(BCN-HT100) was synthesized by calcination of biuret hydrate. Hydrothermal treatment induced biuret
recrystallization to form biuret hydrate precursor with regular morphology and large crystal size, thus
promoting the polymerization of melem to form g-C3N4 network. Accordingly, BCN-HT100 possessed
ultrathin nanosheet structure, higher polymerization degree, larger surface area and more pores than
biuret-derived g-CsN4. BCN-HT100 behaved high-efficiency photocatalytic H,-productin activity with
an apparent quantum yield (AQY) of 58.7% at 405 nm due to the enhanced utilization efficiency for
photo-generated charge carriers and abundant reactive sites. Furthermore, Pt-NiCo,0,4 dual cocatalysts
were employed on BCN-HT100 for achieving photocatalytic overall water splitting, and the AQY reached
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4.9% at 405 nm. This work provides a meaningful reference to designing g-C3N, to achieve efficient solar
energy conversion into hydrogen.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen production via solar-driven water splitting has been
considered to be a promising strategy for cost-effective storage of
solar energy [1,2]. This “solar-to-hydrogen” technology can date
back to 1972 when Fujishima and Honda reported the discovery
of photoelectrochemical water splitting on the titania electrode
[3], and it subsequently draws extensive attention in view of the
promising application in the important energy and environmental
crisis. Development of available, visible-light-responsive and low-
cost photocatalysts is the critical step for this photocatalysis tech-
nology to realize its practical application [4-6]. Graphitic carbon
nitride (g-C3N4), which takes fascinating merits of low cost, proper
electronic properties and good stability, has been widely investi-
gated in solar-light-derived photocatalytic H, production [7-10].
However, developing high-efficiency g-CsN,4 for photocatalytic H,
production is still the main challenge because the small surface
area and severe charge carriers recombination are the main obsta-
cle. Precursor usually plays dominant role in determining the elec-
tronic and textural properties of g-CsN4 [11-14], investigation
focused on precursor structure is always an effective approach to
yield high-efficiency g-C3N,.

Precursor materials have significant effects on the properties of
correspondingly derived g-C3N,. For the precursor material of a sin-
gle substance, on the one hand, C, N and H elements from the precur-
sor participate in the formation of g-C5N,4, other additional leaving
motifs (eg. S and O) contained in some precursors can promote the
packing and connectivity of heptazine units, thereby facilitating
the polymerization and condensation degree of g-CsN,4 [15-17].
On the other hand, for the multicomponent precursor, the different
molecules of components lead to different routes/processes for
undergoing polymerization reaction at high temperature to form
g-C3N4 networks [14,18,19]. Moreover, precursors’ different compo-
nents of elements and nitrogen content ultimately result in different
proton concentration and structure defects of g-C3N4 [20-22], thus
affecting the polymerization degree, ordering in long-range atomic
arrangements and inter-layer stacking of conjugated aromatic sys-
tems. In addition, the particle size and morphology of the precursors
also can affect the morphology, surface area and pore structure of g-
C3N4 [23-25]. As aresult, it can be found that the precursor material
directly determines the crystal structure, electronic structure and
micro-nano morphology of the corresponding derived g-C3Ny4, con-
sequently manifested in the enhancement of solar-light-derived
photocatalytic water splitting performance.

Structure and composition modification of the precursors make
for obtaining high-efficiency g-CsNg4, and one of the most com-
monly used modification strategies is solvothermal method
[19,26-28]. According to the chemical and physical properties, pre-
cursors are treated in appropriate solvents with relatively high
temperature and pressure, recrystallization occurs after solvother-
mal reaction, the crystallinity, morphology and even components
for the precursors change, thus making an impact on the morphol-
ogy, crystalline and electronic properties of the corresponding
obtained g-C3N4. Mo et al. reported a strategy of treating melamine
by hydrothermal reaction at 200 °C for different time [26]. Mela-
mine converted into cyanuric acid partially, then melamine
together with cyanuric acid formed supramolecular intermediate
by self-assembly. This supramolecular intermediate-derived g-
C3N4 nanotubes had lots of nitrogen defects and behaved much
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improved photocatalytic Hp-production activity compared with
the directly melamine-derived g-CsN4. In addition, Han et al. devel-
oped an antisolvent growth technique to synthesize size-reduced
urea crystallizes from methanol-supersaturated solution [29], then
defect-rich amorphous carbon nitride was obtained by pyrolysis of
the modified urea and showed dramatically enhanced photocat-
alytic efficiency with respect to pristine urea-derived g-C3Ng.

In our previous work, it has been proved that commercially pur-
chased biuret-derived g-C3N, behave high photocatalytic H,-
production activity [13]. In addition, commercially purchased
biuret usually comprise biuret and biuret hydrate. Suitable
solvothermal treatment for commercially purchased biuret could
change the components and structure, which would greatly influ-
ence the polymerization degree and micro-nano structure of the
correspondingly derived g-C3N4. Herein, the commercially pur-
chased biuret was treated by hydrothermal and different
solvothermal reactions for a certain time, then the recrystallized
intermediate underwent pyrolysis to form g-C3N,4 framework with
polymerization degree and structure regulation. Moreover, sys-
tematic characterizations and analysis were carried out to demon-
strate the changes in the composition and structure for the
precursor before and after hydrothermal and solvothermal reac-
tion, as well as investigate the electronic properties, degree of
polymerization and textual structure for the derived g-C3N4.

2. Experimental section
2.1. Materials

All reagents were of analytical grade and were used without
further purification, and the reagents were obtained from Sino-
pharm Chemical Reagent Co., Ltd except that H,PtClg-6H,O was
purchased from Alfa Aesar.

2.2. Preparation of samples

2.2.1. Solvothermal treatment of precursor

The commercially purchased biuret was abbreviated as BU. BU
powder (2 g) was put into deionized water (20 mL) in a Teflon-
lined autoclave (100 mL) under stirring. A dispersion was obtained.
Then the autoclave was sealed and maintained at 100 °C for 12 h.
After natural cooling, the product was alternately washed with
deionized water 3 times and collected by centrifugation to remove
the residues of reactants, followed by drying in vacuum at 50 °C
overnight. The obtained precursor material was denoted as BU-
HT100. Other precursor products (denoted as BU-HT80 and BU-
HT120, respectively) were prepared by following the same proce-
dure except for the different hydrothermal temperatures (80 °C
and 100 °C, respectively). Other precursor products (denoted as
BU-MeOH100, BU-EtOH100 and BU-DMF100, respectively) with
different solvothermal solvents were also prepared by following
the same procedure except that the solvents were adjusted as
required (methanol (MeOH), ethanol (EtOH) and N,N-
dimethylformamide (DMF), respectively).

2.2.2. Preparation of g-C3Ny4

BU-HT100 (1 g) powder was put into an alumina crucible with a
cover, and then calcinated at 550 °C (ramping rate, 5 °C min™')
under Ar atmosphere for 4 h. After natural cooling, the final pro-
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duct was collected and denoted as BCN-HT100. Other products (de-
noted as BCN, BCN-HT80, BCN-HT120, BCN-MeOH100, BCN-
EtOH100 and BCN-DMF100, respectively) derived from different
precursors (BU, BU-HT80, BU-HT120, BU-MeOH100, BU-EtOH100
and BU-DMF100, respectively) were prepared by following the
same procedure.

2.2.3. Preparation of 3Pt/BCN-HT100/2NiCo,04
3Pt/BCN-HT100/2NiCo,04 was prepared according to the previ-
ous work with using BCN-HT100 as the photocatalyst [10].

2.3. Sample characterization

Powder X-ray diffraction (XRD) patterns were obtained from a
PANalytical X'pert MPD diffractometer operated at 40 kV and
40 mA using Ni-filtered Cu Ko irradiation (A = 1.5406 A). Fourier
transform infrared spectra (FTIR) were recorded by a Bruker Vertex
70 FTIR spectrophotometer with using the KBr pellet technique.
Field-emission scanning electron microscopy (FESEM) images were
observed on a JEOL JSM-7800F instrument. Thermogravimetric-
differential scanning calorimetry (TG-DSC) curves were recorded
by a thermal analyzer NETZSCH STA 449C, Germany) in the range
from 40 to 600 °C. Electron paramagnetic resonance (EPR) experi-
ments were performed on a Bruker EMX X-band spectrometer and
microwave frequency = 9.40 GHz at room temperature. X-ray pho-
toelectron spectroscopy (XPS) spectra were obtained on a Kratos
Analytical Axis Ultra DLD instrument with a monochromatized Al
Ko line source (150 W). All binding energies were referenced to
the C 1s peak at 284.8 eV. Elemental compositions for g-C3N, were
obtained from an elemental analyzer (EA) of vaeeio MACRO cube.
Synchrotron-based X-ray absorption near-edge structure (XANES)
spectroscopy for C K-edge and N K-edge were obtained from
BL20A, at the National Synchrotron Radiation Research Center, Tai-
wan. Transmission electron microscopy (TEM) images were
obtained from an FEI Tecnai G2 F30 S-Twin transmission electron
microscope with an accelerating voltage of 300 kV. Atomic force
microscopy (AFM) image was obtained from a NT-MDT Solver Next
atomic force microscope. Surface area and porosity measurement
was carried out by N, adsorption on a Micromeritics ASAP 2020
plus instrument using the Brunauer—Emmette—Teller (BET)
method. UV-vis absorption spectra (UV-vis) were measured on a
Agilent Cary 5000 instrument equipped with a diffuse-reflectance
accessory and with BaSO,4 as the reference. Photoluminescence
spectra (PL) analysis was carried out on a PTI QuantaMaster 40
steady-state/time-resolved fluorescence  spectrophotometer
equipped with an excitation wavelength of 337/460 nm at room
temperature, N, was filled in the instrument when the test of
time-resolved transient PL decay spectra.

Calculation method about transient PL decay kinetics was
depicted as follows. In the present study, the emission signals were
analyzed by the method of tri-exponential decay kinetics. The fol-
lowing equation was employed to calculate average lifetime 7gy,.

L AT
Taz/g = ZAiTi

2.4. Photocatalytic performance measurement

Photocatalytic H, production was performed in a sealed Pyrex
glass cell (100 mL) with a side window for external light incidence
under constant magnetic stirring. A Xe lamp (300 W) equipped
with a UV-cutoff filter (1 > 400 nm) was used as the visible-light
source. In the photocatalytic process, triethanolamine (TEOA),
MeOH, formic acid or lactic acid functioned as sacrificial agent to
consume photogenerated holes. In detail, photocatalyst (10 mg)
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and aqueous solution (80 mL) (10 vol% TEOA, 20 vol% MeOH,
10 vol% formic acid and 10 vol% lactic acid, respectively) were
mixed in the glass cell with stirring. Pt (3 wt%) as cocatalyst was
photo-deposited in situ on photocatalyst from the precursor of H,-
PtClg-6H,0. Before photocatalytic reaction, Ar was bubbled into the
cell for 15 min to remove O,. The evolved H, was analyzed on a
North Point NP-GC-901A gas chromatograph (thermal conductivity
detector (TCD), TDX-01 column, Ar as carrier gas) per 1 h.

Photocatalytic O, production reaction was performed in the
same system, photocatalyst (50 mg), La,03 (160 mg) and AgNO3
(136 mg) were sequentially dispersed in deionized water (80 mL)
with stirring, in which AgNO3 and La,03; were used as electron
acceptor and pH buffer agent, respectively. Before photocatalytic
reaction, the reactor was purged with Ar for 30 min to eliminate O,.

Photocatalytic overall water splitting reaction was performed in
the same system, 3Pt/BCN-HT100/2NiCo,0,4 photocatalyst (50 mg)
was dispersed into deionized water (80 mL) with stirring. Before
photocatalytic reaction, the reactor was purged with Ar for
30 min to eliminate O.

The measurement of AQY was carried out under the irradiation
of 300 W Xe lamp equipped with a band-pass filter (405, 425, 440,
480, 520 and 550 nm). For photocatalytic H, production reaction,
photocatalyst (50 mg) was added into the reaction solution of
80 mL 10 vol% TEOA aqueous solution with 0.08 mol of K;HPO,.
Pt (3 wt%) as cocatalyst was photodeposited in situ on photocata-
lyst from the precursor of H,PtClg-6H,0. For photocatalytic overall
water splitting reaction, the AQY was measured in the same proce-
dure, 3Pt/BCN-HT100/2NiCo,04 photocatalyst (50 mg) was dis-
persed into pure water (80 mL) with stirring. The intensity of
incident light was recorded by a spectroradiometer (Avantes
AvaSpec-2048-USB2, Netherlands). The AQY value was obtained
by the following equation:

Number of reacted electrons
07 —
AQY(%) = Number of incident photons

x 100

_ Number of evolved H, molecules x 2

Number of incident photons x 100

2.5. Electrochemical measurement

(Photo)electrochemical measurement was carried out in a
three-electrode chemical cell by using a CH Instruments CHI
760D scanning potentiostat. Pt foil and Ag/AgCl electrode were
applied as the counter electrode and reference electrode, respec-
tively, and N,-saturated Na,SO4 aqueous solution (0.5 M) was
employed as the electrolyte. To prepare the working electrodes
for electrochemical measurements, the as-prepared photocatalyst
(1 mg) was first ultrasonically dispersed in the mixture of deion-
ized water (250 pL), ethanol (250 pL), and Nafion solution
(10 pL, 10 wt%) for 1 h to form a homogeneous suspension, and
then the above suspension (10 pL) was transferred onto a glassy
carbon rotating disk electrode (RDE, CHI 104, 3 mm of diameter,)
via a controlled drop casting approach. After the natural drying
under ambient temperature, the resulting electrode was obtained
to serve as the working electrode. Linear sweep voltammetry
(LSV) curves were conducted at a scan rate of 10 mV/s. The mea-
sured potentials vs. Ag/AgCl were converted to reversible hydrogen
electrode (RHE) scale via the Nernst equation.

3. Results and discussion
3.1. Structures and morphologies for BU and BU-HT100

Figs. ST and 1a show the XRD patterns for all the precursors
after hydrothermal and different solvothermal treatments. The rel-
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atively high temperature and pressure in reaction usually can
change the crystal structure and morphology of the material,
resulting in phase transformation. It can be observed BU contained
two components of biuret and biuret hydrate, BU-EtOH100 and
BU-DMF100 were mainly composed of biuret, while BU-
MeOH100 and BU-HT100 dominantly consisted of biuret hydrate.
In addition, BU-HT100 showed pretty high peak intensities, indi-
cating the biuret hydrate obtained by hydrothermal treatment
could possess good crystallinity. The hydrothermal reaction made
BU purified and recrystallized, and biuret converted into biuret
hydrate which was precipitated in an aqueous environment after
temperature went down. Fig. 1b shows the FTIR of BU and BU-
HT100 samples. Both samples showed similar spectra which could
belong to typical peaks of the structural feature for biuret, the peak
at 3100-3500, 1600-1700, 1000-1600 and 600-800 cm~! were

Journal of Colloid and Interface Science 637 (2023) 271-282

assigned to the stretching vibrational absorptions of N—H bonds
(as well as an overlapping band of -OH stretching), stretching
vibrations of C—O, stretching vibrations of C—N and the bending
vibrations of N—H, respectively [30,31]|. But the wavenumber
ranges attributed to the C—N stretching peaks for BU-HT100 were
blue-shifted compared with those of BU, the shifts were speculated
to be caused by the more combination of crystal water. In addition,
Fig. 1c and d show the SEM images of BU. BU had cumulated irreg-
ular block structure with irregular boundary shape, and the surface
was rough and the size was about tens to hundred micrometers.
BU-HT100 mainly possessed regular shapes with rectangular
plate-like structure, the surface was relatively smooth and the
sizes were generally larger than one hundred micrometers
(Fig. 1e and f). The conversion from BU into BU-HT100 could be
regarded as a recrystallization process, on the one hand, biuret

(@) (b) BU-HT100
3
(]
5 ]
E | 5
% J BU-HT100| £
c £
2 7]
£ r b M BU| §
Biuret hydrate JCPDS No.011-0719 =
Biuret JCPDS No.011-0720
l |.l| I|"|' 2 .|.I s . — T T : ; T
10 20 30 40 50 60 4000 3200 2400 1600 800
Wavenumber/cm”

Fig. 1. (a) XRD patterns and (b) FTIR spectra for BU and BU-HT100. (c-f) SEM images for (c, d) BU and (e, f) BU-HT100. Scale bar: (c, e) 100 pm, (d, f) 10 um. (d and f) were the
magnified results for the red circles in (c and e), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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was converted to biuret hydrate, on the other hand, crystal parti-
cles grew into regular geometric structures. Fig. S2 presents the
SEM images for BU-HT80 and BU-HT120. As compared to BU-
HT100, BU-HT80 showed the aggregated plate-like structure with
rugged surface, and BU-HT120 showed plate-like structure with
regular surface. However, the three kinds of precursors all not
had uniform particle sizes. Fig. S3 presents the SEM images for
BU-MeOH100, BU-EtOH100 and BU-DMF100, and the three kinds
of precursors did not have regular geometric structures. BU-
HT100 and BU-MeOH100 had larger particle sizes than BU-
EtOH100, BU-DMF100 and BU. According to the XRD results, BU-
HT100 and BU-MeOH100 dominantly consisted of biuret hydrate,
while BU-EtOH100 and BU-DMF100 were mainly composed of
biuret. It indicated that biuret could be converted to biuret hydrate
in hydrothermal and MeOH-based solvothermal treatments via
recrystallization process. However, only hydrothermal treatment

Journal of Colloid and Interface Science 637 (2023) 271-282

could lead to regular geometric structure for biuret hydrate
precursor.

3.2. Structures and chemical states for BCN and BCN-HT100

BU and BU-HT100 were subsequently employed as precursors
to prepare g-C3N4 via thermal polymerization under Ar atmo-
sphere, and Fig. 2a presents the schematic illustration about
the preparation process of BCN-HT100. For the TG-DSC analysis,
as shown in Fig. 2b, there had five stages of phase transition and
mass loss in the thermal polymerization process: water expul-
sion, decomposition, polymerizing to form melamine, melamine
polymerization to form melem, and melem polymerization to
yield g-C3N4 [29,32,33]. As compared to BU, the TG-DSC analysis
of BU-HT100 showed the increased temperatures in water expul-
sion and melem formation, indicating the high content of biuret

(@)
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>

Hydrothermal treatment
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biuret

Biuret hydrate

Thermal
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Porous ultrathin
graphitic carbon nitride
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Fig. 2. (a) Schematic illustration about the preparation process of BCN-HT100. (b) TG-DSC curves, (c) XRD patterns, (d) FTIR spectra and (e) EPR spectra for BCN and BCN-

HT100.

275



C. Cheng, J. Shi, L. Mao et al.

hydrate and large precursor size resulted in higher temperature
of thermal polycondensation. It could be inferred that the
increased temperature of BU-HT100 could promote the polymer-
ization of melem to form of g-C3N, framework, which had a
vital impact on the structural properties and performance of
the derived g-C3Ny4. Figs. S4 and 2b show the XRD patterns for
all the g-C3N4 samples. BCN had disordered nitrogen-defect-
rich carbon nitride structure as our previous report [13]. BCN-
MeOH100, BCN-EtOH100 and BCN-DMF100 had similar XRD pat-
terns to BCN. BCN-HT100 had stronger intensity for (100) peak
than BCN, indicating BCN-HT100 contained more orderly
arrangement tri-s-triazine (heptazine) structure. Furthermore,
the (002) peak of BCN-HT100 was much stronger and located
at a higher angle (27.40°) as compared to that of BCN (26.78°),
implying that BCN-HT100 possessed higher degree of polymer-
ization and tighter packing of nanosheets than BCN [15,34].
Fig. 2c presents the FTIR spectra of BCN and BCN-HT100. Both
samples showed similar spectra and the typical characteristic
peaks could belong to the structural feature of g-C3N4 while
there existed some difference that the two peaks which were
attributed to bridging C-NH-C units of heptazine for BCN-
HT100 located at relatively lower wavenumbers than those for
BCN. Moreover, the EPR analysis showed BCN-HT100 had weaker
signal than BCN (Fig. 2d), which indicated BCN-HT100 had less
lone electron pairs than BCN [15,35]. The FTIR and EPR results
suggested BCN-HT100 had less N defects than BCN. As a result,
it can be concluded that the regular shapes with rectangular
plate-like structure and large crystal particle size of BU-HT100
made accordingly derived BCN-HT100 had more ordered struc-

(a) Cis
BCN-HT100 284.8
288.3
5 H
g
>
5
s
(]
£
290 288 286 284
Binding energy/eV
(©) [ckedge . —BCN
C2a"N-C=N  _gcN-HT100
5
s
2
7]
=
[
= C1 defects
'ﬁ_'ﬁ_‘
284 285
284 288 292 296

Photon energy/eV
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tures and higher degree of polymerization with less N defects
as compared to BU-derived BCN.

Fig. 3a and b show the C 1s and N 1s XPS spectra of BCN and
BCN-HT100, respectively. Both samples generally presented simi-
lar characteristic peaks indexed to g-CsNy4. For the C 1s spectra
(Fig. 3a), the peaks of BCN-HT100 could be fitted and indexed to
standard carbon C=C (284.8 eV), sp*-hybridized C in C—NH &
C—NH, (286.2 eV), and sp? C linked to N in N—C=N (288.3 eV),
respectively [36-38]. The peak indexed to N—-C=N for BCN-
HT100 centered at lower binding energy than that for BCN
(288.6 eV), indicating BCN-HT100 had less N defects located in
heptazine units. Furthermore, BCN-HT100 showed pretty larger
peak-area ratio for N—C=N to C—NH & C—-NH, (Table S1), indicat-
ing a relatively more quantity of C 2p orbital in BCN-HT100, this
result indicated BCN-HT100 had much more ordered structures
than BCN [15,39]. For the N 1s spectra (Fig. 3b), the peaks of of
BCN-HT100 could be fitted and indexed to the sp2-nitrogen in
N—C=N (N3¢) (398.5 eV), tertiary nitrogen in N—(C)3 (N3c) groups
(399.3 eV), nitrogen in heterocycles N—H (400.8 eV) and m-
excitation (404.4 eV), respectively [36-38]. Nc and N3¢ participate
in the construction of the basic heptazine heterocyclic ring (CsN-)
substructure for g-CsN,. The peak-area ratio of sp> C—N=C bonds
to the sum of sp> N—(C); and N—H bonds for BCN-HT100 (1.5)
was larger than that of BCN (1.4) (Table S1), indicating that BCN-
HT100 had higher degree of polymerization than BCN [15,39]. In
addition, EA results showed the atomic ratio of carbon to nitrogen
for BCN-HT100 (0.70) was also larger than that for BCN (0.69)
(Table S2), and BCN-HT100 have less content of H element than
BCN, both further demonstrating the higher polymerization degree

b T
(b) agN s
BCN-HT100
E
g
2
3
[
E-]
=
BCN
T ion
T T T T T
408 406 404 402 400 398 396
Binding energy/eV
(d) [Nk-edge —BCN
——BCN-HT100
N1 n* C-N=C
3 N2 =* N—(C)3
8
=y
7]
c
]
£

398 400 402
Photon energy/eV

Fig. 3. (a, b) High-resolution XPS spectra of (a) C 1s and (b) N 1s, and (c, d) K-edge XANES spectra of (c) C and (d) N for BCN and BCN-HT100.
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for BCN-HT100 [40,41]. Fig. 3c and d show the XANES spectro-
scopies of BCN and BCN-HT100. For the C K-edge XANES spectra
(Fig. 3c), BCN-HT100 had weaker peak intensity of peak C1 and
stronger peak intensity of C2 than BCN, indicating low concentra-
tion of carbon defects and more ordered structures in BCN-
HT100 [13,42]. For the N K-edge XANES spectra (Fig. 3d), BCN-
HT100 showed stronger peak intensities for both N1 and N2 peaks
than BCN, implying BCN-HT100 contained more unsaturated states
of N 2p orbitals. In addition, BCN-HT100 had larger N1/N2 peak
intensity ratio than BCN (Table S3), indicating BCN-HT100 pos-
sessed higher polymerization degree and contained less nitrogen
defects [42,43].

3.3. Micro-nano structures and textual properties for BCN and BCN-
HT100

The micro-nano structures for BCN and BCN-HT100 were inves-
tigated by SEM, TEM, AFM and BET analysis. As shown in Fig. 4a
and Fig. S5a, BCN possessed curly and chipping like structure with-
out aggregation. The low-magnification TEM images (Fig. 4d and
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400 -

—— Adsorption
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e
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Relative pressure/P P,’
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Fig. S5c) revealed that BCN appeared as twisted thin layers. BCN-
HT100 showed obviously porous structure with lots of pores
(Fig. 4b and Fig. S5b), and TEM images showed BCN-HT100
appeared as a thinner layer structure with large “broken” holes,
which looked like wet “broken” paper with holes (Fig. 4e and
Fig. S5d). In addition, Fig. 4c shows the AFM diagram of BCN-
HT100. The thickness of BCN-HT100 sheet was about 4 nm.
Fig. S6 shows the SEM images for BCN-HT80 and BCN-HT120, both
samples showed similar aggregated bulk structure. The results
indicated that 100 °C was the proper hydrothermal temperature
to treat biuret and thus obtained ultrathin porous g-CsN4 (BCN-
HT100). Fig. S7 presents the SEM images for BCN-MeOH100,
BCN-EtOH100 and BCN-DMF100. BCN-MeOH100 and BCN-
DMF100 showed the similar structure of aggregated sheets. BCN-
EtOH100 showed thin layer structure with lots of small pores.
The morphologies for the three kinds of g-CsN, were quite differ-
ent from BCN-HT100, indicating that only hydrothermal treatment
could result in thin and porous layer structure for g-CsNg4. Fig. 4f
shows the N, absorption-desorption isotherms for BCN and BCN-
HT100. Both samples exhibited the type IV isotherms and had high

E
c
]
£
2
o
T

—e—BCN
—e— BCN-HT100

Pore radius/nm

Fig. 4. (a, b) SEM images for (a) BCN and (b) BCN-HT100. (c) AFM image for BCN-HT100 (inset: height profile along the line in (c) of BCN-HT100). (d, e) TEM images for (d) BCN
and (e) BCN-HT100. (f) N, adsorption-desorption isotherms and (g) derived pore-size distributions for BCN and BCN-HT100. Scale bar: (a-c) 1 pum, (d, e) 200 m.
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adsorption capacities in P/P, > 0.8, indicating that there existed
plenty of macropores and mesopores [44]. BCN-HT100 possessed
a larger surface area (2202 m? g!) as compared to BCN
(51.5 m? g~ 1), and BCN-HT100 had a larger pore volume (1.1 cm®
¢~ !) but smaller pore size (8.2 nm) than BCN (pore volume:
0.3 cm® g ! and pore size: 11.0 nm) (Table S4), implying BCN-
HT100 had more pore structures than BCN. The pore-size distribu-
tion analysis (Fig. 4g) also showed BCN-HT100 had much more
pores. The outstandingly large surface area and plentiful pores
for BCN-HT100 could generate plenty of active sites and facilitate
contact with the reaction substrate, leading to high photocatalytic
performance.

3.4. Optical properties, photoexcitation processes and photo-generated
charge carriers dynamics for BCN and BCN-HT100

Fig. S8a shows the UV-vis absorption spectra for BCN and BCN-
HT100. BCN-HT100 showed a blueshift in the absorption edge
compared with BCN, which was attributed to the quantum con-
finement effect caused by the reduced thickness of nanosheets
[45]. In addition, BCN-HT100 showed weaker adsorption intensity
in the spectral tail (600-800 nm) than BCN, mainly because of the
relatively low content of nitrogen defects in BCN-HT100 [15].
Based on the Kubelka-Munk method, the bandgaps of BCN and
BCN-HT100 were recorded as 2.45 and 2.57 eV, respectively
(Fig. S8b). The valence band (VB) XPS spectra showed BCN-
HT100 had a value of 0.01 eV positive than BCN for the valence
band maximum (VBM) (Fig. S8c). According to our previous work,
it could be inferred the VBM and conduction band minimum (CBM)
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positions for BCN-HT100 were 1.39 and —1.18 V vs. RHE (Fig. S8d),
respectively, demonstrating that BCN-HT100 had stronger driving
force for O, and H, evolution. To reveal the structure benefits for
photo-excited electron transition in photocatalytic process, the C
K-edge and N K-edge XANES spectra were conducted under illumi-
nation and in the dark. As shown in Fig. 5a and b, it explored the
photo-excited electron transition from the lone pair states (i.e.,
occupied states) to the 7* states (i.e., unoccupied states) [13,43].
BCN and BCN-HT100 both showed higher intensities under light
irradiation than those under dark conditions. Fig. 5a showed the
irradiation-dark intensity variations of C K-edge XANES spectra
for BCN-HT100 was much more obvious than that for BCN, indicat-
ing there generated plenty of unoccupied states on the conduction
band of BCN-HT100 [13,42]. While Fig. 5b showed the irradiation-
dark intensity variations of N K-edge XANES spectra for BCN-
HT100 was smaller than those for BCN, which should be attributed
to the low nitrogen defects content [42]. As a result, these differ-
ences indicated that BCN-HT100 structure was conducive to more
effective electron excitation from the occupied state of the valence
band to the unoccupied state of the conduction band. The steady-
state PL spectra analysis presented that BCN-HT100 showed
weaker intensity than BCN (Fig. 5c¢), revealing the efficient inhibi-
tion for the recombination of photo-generated charge carriers
[10,46,47]. In addition, the transient PL decay spectra were also
investigated to further reveal the transfer dynamics of charge car-
riers (Fig. 5d). The average lifetime of the carrier (T,vg) for BCN-
HT100 was determined to be 3.72 ns, which was smaller than that
for BCN, implying that there existed additional nonradiative decay
channels in BCN-HT100 for promoting the electron transfer [36].
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Fig. 5. (a, b) K-edge XANES spectra of (a) C and (b) N with “Illumination” or in “Dark” for BCN and BCN-HT100. (c) Steady state PL spectra and (d) transient PL spectra for BCN

and BCN-HT100 at room temperature.
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These enhanced carrier dynamics were mainly ascribed to the high
polymerization degree and ultrathin nanosheets structure.

3.5. Photocatalytic performance for photocatalysts

Fig. S9 shows the photocatalytic H,-production activities for BCN,
BCN-HT80, BCN-HT100 and BCN-HT120 by using TEOA as sacrificial
agent under visible-light irradiation. BCN-HT100 showed the highest
photocatalytic H,-production rate (21252 pmol h~?! gcl,), which was
about 2.4 times of BCN (8946 umol h™! gZly). In Fig. S10, it demon-
strated that hydrothermal treatment of biuret could be the optimiz-
ing strategy to obtained high-efficiency graphitic carbon nitride
because BCN-HT100 behaved the highest photocatalytic H,-

production activity. What's more, the photocatalytic H,-production
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performance for BCN-HT100 was also investigated in different sacri-
ficial agent systems. In Fig. 6a, by adding K;HPO,4 into TEOA-based
photocatalytic system (mimicing natural photosynthesis [48]), the
photocatalytic Hy-production activity of BCN-HT100 was promoted
into a much high value (40457 umol h™' gZl,). When using formic
acid as sacrificial agent, the photocatalytic H,-production rate for
BCN-HT100:ouldbeachievedthehighestvalug49178umoh'g;,

1). Fig. 6b shows the wavelength-determined AQYs for BCN-HT100 in
(TEOA + KyHPOQ,4)-based photocatalytic Hp-production system, the
AQY reached 58.7% at 405 nm. Fig. S11 shows the wavelength-
determined AQYs for BCN-HT100 in formic acid-based photocat-
alytic H,-production system, the AQY achieved 64.2% at 405 nm. In
addition, Table S5 summarized a comparison of photocatalytic Hy-
production activities for BCN-HT100 and other representative gra-

(a) 541 Formic acid BCN-HT100 | (b)'9°
Z
" 3 TEOA+K,HPO, S
o 0.75- Fi
= R 2
= 36 P
] :
B =
£ $ 0.50- 2
5 TEOA g 3
< 5 3
S 184 2 5
5 < 0.25- e
[=] Q
> <
;. MeOH Lactic acid . 2
o- 0.00 . " ‘ T 0
300 400 500 600 700 800
Wavelength/nm
(c) (d)
64 74
A E
=] o
. 0
3 2
2 ]
S 32 g T ——BCN-HT100
o b ——3Pt/BCN-HT100/2NiCo,0,
I =
5 Y, » ° d 2
£ 16+ 5 -144
5 o
(=]
=
< 21
0 T LE T T T T T T T T
0 9 12 15 0.8 0.0 0.8 1.6 2.4
Time/h Potential/V vs. RHE
e ;
( ) 1200 A, (f)
5E= 20, o3 8000
L 3
= §
S 800 S 6000 -
E @
= 2
3 [=]
b 3 i~
= « 4000
® @
2 400+ g
> -
7 S 2000+ ~o0
4 c 2
] 3
o £
0- < 0 .
A> 300 2> 400 0 4

Time/h

Fig. 6. (a) Photocatalytic H,-production activities for BCN-HT100 using different sacrificial agents under visible-light irradiation (n = 3; mean + SD) (n: the number of repeat
experiments; SD: standard deviation). (b) Wavelength-determined AQYs for BCN-HT100 in (TEOA + K,HPO,4)-based photocatalytic H,-production system (The pH value for
photocatalytic solution decreased a few from 10.9 to 10.4 after adding K;HPO,.). (c) Photocatalytic H,-production stability test for BCN-HT100 under visible-light irradiation
(n = 3; mean # SD). (d) LSV curves for BCN-HT100 and 3Pt/BCN-HT100/2NiCo,04 (electrolyte: 0.5 M Na,SO,). (e) Photocatalytic activities for overall water splitting on 3Pt/
BCN-HT100/2NiCo,04 under full-arc and visible-light irradiation (4 > 400 nm) (n = 3; mean * SD). (f) Time courses of H, and O, production for photocatalytic overall water

splitting under full-arc irradiation over 3Pt/BCN-HT100/2NiC0,04 (n = 3; mean + SD)
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Fig. 7. Schematic mechanism of BCN-HT100 for photocatalytic H, and O, production.

phitic carbon nitrides. The AQY values for BCN-HT100 stood in the
leading level for various carbon nitrides photocatalysts. Fig. 6¢ pre-
sents the cyclic test of photocatalytic H, production, little decay
was observed for BCN-HT100 in five photocatalytic H,-production
cyclic tests (15 h). Furthermore, as shown in Fig. S12, XRD and FTIR
measurements were employed to characterize the recovered photo-
catalyst (BCN-HT100-R) after photocatalytic 7H,-production reac-
tion. For the XRD patterns, the peak intensity for BCN-HT100-R
was almost no changed as compared to that for BCN-HT100, indicat-
ing the polymerization degree for BCN-HT100 was not changed dur-
ing the photocatalytic process. While the (002) peak of BCN-HT100
shifted to a higher angle (27.58°) as compared to that of BCN (27.40°),
implying that BCN-HT100 had a reunion of layers during the photo-
catalytic process. For the FTIR spectra, there was little difference
between BCN-HT100-R and BCN-HT100, indicating the basic struc-
ture of BCN-HT100 was unchanged during the photocatalytic H, pro-
duction. All the above results demonstrated that BCN-HT100 had
good stability for the photocatalytic H, production. In addition, pho-
tocatalytic O,-production performance for BCN and BCN-HT100 was
measured by using AgNOs as the electron scavenger (Fig. S13). BCN-
HT100 showed the photocatalytic O,-production rate of
816 pmol h! gcl;, which was about 2.4 times of BCN (311 pmol h™!
g:1). Asa consequence, it could be inferred that BCN-HT100 had good
potential to achieve photocatalytic overall water splitting due to its
excellent photocatalytic H, and O, production performance. Pt-
NiCo,04 couple cocatalysts have been proved as an excellent alterna-
tive to promote photocatalytic overall water splitting for g-C3N4 [10].
Herein, Pt-NiCo,0,4 were also applied on BCN-HT100, and Fig. 6d
shows the linear sweep voltammetry (LSV) curves of BCN-HT100
and 3Pt/BCN-HT100/2NiCo,0, for overall water splitting. It could
be observed that 3Pt/BCN-HT100/2NiCo,0, had significantly
improved onset potentials for both H,-evolution and O,-
production reaction, as well as enhanced cathode and anode current
densities, indicating that dual Pt-NiCo,04 cocatalysts could greatly
accelerate photocatalytic overall water splitting for BCN-HT100. As
expected, 3Pt/BCN-HT100/2NiCo,04 showed simultaneously photo-
catalytic H, and O, production with a stoichiometric rate ratio of
about 2: 1 under full-arc (1085 and 530 wmol h™! gzl;) and visible-
light (590 and 290 pmol h™' gl) irradiation (Fig. 6e). The AQYs of
3Pt/BCN-HT100/2NiCo,0,4 were determined to be 5.8% at 380 nm
and 4.9% at 405 nm. Table S6 summarized a comparison of photocat-
alytic overall water splitting activities for BCN-HT100 and other gra-
phitic carbon nitrides. BCN-HT100 presented good photocatalytic
performance during various carbon nitrides photocatalysts. Fig. 6f
shows the cyclic test of photocatalytic overall water splitting for
3Pt/BCN-HT100/2NiCo,0,, it also proved the good photocatalytic
stability.
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In summary, BCN-HT100 derived from BU-HT100 possessed
higher polymerization degree, thinner nanosheet structure, larger
surface area and lots of pores as compared to BCN derived from
BU. Therefore, higher polymerization degree resulted in enhanced
utilization of photo-generated charge carries; thinner nanosheet
structure, larger surface area and lots of pores generated plenty of
active sites. Fig. 7 shows the schematic mechanism of BCN-HT100
for photocatalytic H, and O, production. These advantages made
synergistic effect to strongly support BCN-HT100 for achieving effi-
cient photocatalytic activity. In addition, the CBM and VBM posi-
tions for BCN-HT100 were proper sufficiently to realize
photocatalytic overall water splitting, suitable dual Pt-NiCo,04
cocatalysts could promote the photocatalytic H, and O, production
simultaneously.

4. Conclusions

Developing high-efficiency g-C3N4 photocatalyst is the key for
realizing the application of photocatalytic H, production technol-
ogy [9,13]. The small surface area and terrible charge carriers
recombination severely limit the photocatalytic activity of g-C3Ny4
[19,38,47]. Although various strategies have been devoted to
resolve the problem, such as exfoliation [42,49], nanostructure
design [23,50], defect engineering [26], the efficiency requirement
has not been achieved and more efforts should be taken to further
improve the photocatalytic activity. Herein, an utrathin porous g-
C3N4 (BCN-HT100) was prepared by calcination of biuret hydrate
which was obtained from hydrothermal treatment on biuret and
had regular morphology and large crystal size. The structure traits
of biuret hydrate promoted the polymerization of melem to con-
struct g-CsN, framework with high polymerization degree and
ultrathin porous nanosheet structure, leading to facilitated utiliza-
tion of photo-generated charge carries and abundant reactive site.
As a result, BCN-HT100 behaved high-efficiency photocatalytic H,-
evolution activity and the AQY reached 58.7% at 405 nm, which
stood in the leading level for various carbon nitrides photocata-
lysts. Furthermore, with assembling Pt-NiCo,04 dual cocatalysts
on BCN-HT100, photocatalytic overall water splitting was achieved
with an AQY of 4.9% at 405 nm. This work provides a strategy ref-
erence for designing g-CsN4 to achieve high-efficiency solar-to-
hydrogen conversion via photocatalytic water splitting.
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