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Precursor types play crucial factors for synthesizing high-efficiency graphitic carbon nitrides (GCNs).
Herein, biuret was employed as a new precursor to prepare a disordered nitrogen-defect-rich porous
GCN (BCN). The crystallinity, structure and performance properties for BCN were explored by making
systematic comparisons with other commonly available GCNs which were derived from conventional
precursors under the identical conditions. Biuret could be the optimal choice for the preparation of high-
performance GCN according to the reports so far. BCN not only possessed long-range atomic disordered
structure, but also contained numerous nitrogen defects embedded into the in-planes of the disordered
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Deiilc‘;;zrersed structure GCN networks, leading to extended visible-light absorption (absorption edge at 525 nm), improved
Defect separation of photoexcited charge carriers, and rich available reactive sites. The large surface area and
Hydrogen high porosity of BCN also provided plenty of reactive sites. Consequently, ultrahigh photocatalytic H;

Photocatalysis production and excellent O, production performance were achieved for BCN, the AQY for H;, production

Solar energy

achieved 45.5% at 420 nm, which was one of the highest values for GCN-based photocatalysts.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Semiconductor-based photocatalysis has been widely regarded
as one of the attractive avenues to convert inexhaustible and clean
solar energy in the form of green sustainable chemical energy (H>)
[1,2]. The feasible technology gains considerable interdisciplinary
attentions due to its diversely potential application in environ-
mental and energy crisis. By following the fact that the visible light
occupies energy about 43% in the whole solar spectrum, it is defi-
nite that developing available visible-light-responsive photo-
catalysts is pivotal to realize the target of high-efficient
photocatalysis for H, evolution [3—5]. Among lots of reported
photocatalysts, graphitic carbon nitrides (GCNs), as one type of
fascinating conjugated polymer, emerge as shining stars and
perform outstandingly in the field of photocatalytic H, production
due to the significant merits of “earth-abundant” nature, appealing
electronic properties and specific planar structure, which lead to
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favorable properties of low-cost, visible-light response, non-toxic,
good chemical stability and tunable band structure [6—9].
However, practical applications of pristine GCNs are still seri-
ously restricted by the low photocatalytic Ho-production efficiency,
which usually caused by several obstacles and shortcomings,
including limited absorption range of visible-light, high recombi-
nation rate of photo-generated charge carriers and low electrical
conductivity [10—12]. To address these limitations, numerous
strategies have been developed to improve the chemical and
physical properties of GCNs for enhancing the photocatalytic per-
formance, such as doping with heteroatoms (e.g.,C,N, B, O, S, P, and
Cu) [13—20], copolymerization [21,22], morphology design [23,24],
introducing defects [25], crystallizing the GCNs [26], and exfolia-
tion to a few layers [27]. As a matter of fact, the formation of
pristine GCNs directly from precursor plays a pivotal role as foot-
stone in the above strategies, the pristine GCNs derived from
different precursors usually possess similar crystal structure but
diverse photocatalytic activities. Basically and importantly, the
precursor types and reaction conditions are crucial factors for
synthesizing GCNs, they have influence on the physicochemical
properties of the resultant GCNs, such as C/N ratio, degree of
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crystallinity and polymerization, light absorption capacity, porosity,
specific surface area, and micro-nano morphology. According to the
reports, GCNs can be easily fabricated by thermal polymerization of
the nitrogen-rich precursors which contain C=N core structures,
such as melamine, thiourea, dicyandiamide, or urea and so forth
[28—31], exploration of new precursor materials for GCNs prepa-
ration has always been put forward as an effective strategy for
preparing high-efficiency GCNs.

The degree of order in long-range atomic arrangements de-
termines the crystallinity of GCNs and greatly influences the
structure and property. Interestingly, disordered materials have
unique atomic arrangements of long-range disorder but short-
range order, resulting in distinct electronic, optical, magnetic and
mechanical properties [32—34]. The distortion originated from the
disordered structure of GCNs can allow and activate more n — 7*
electron transitions to enhance the optical properties with the
appearance of new visible light absorption beyond 460 nm [18,19].
What's more, disordered structure of GCNs is usually accompanied
by the introduction of defects, which could function to regulate the
band structure for enhancing visible-light absorption and work as
reactive sites for photocatalytic reaction [7,35,36]. For example,
Kang et al. synthesized amorphous carbon nitride with a narrow
band gap (1.9 eV) via a strategy of postheating the partially crys-
talline GCN at a high temperature (620 °C) [37]. However, there is
rare report about preparation of disordered GCNs directly from
precursor material.

During all the reported precursors, urea is preferred as the
optimal material for conversion into sheet-like GCNs with excellent
photocatalytic Hy-production performance. Significantly, for the
synthetic process of the urea-derived GCNs, the oxygen species can
promote the connectivity and packing of GCN sheets, accelerate the
polymerization/condensation process, enable structural perfection
as well as enhance delocalization of electrons in aromatic sheets,
resulting in promoted the photocatalytic redox functions [31,38].
Meanwhile, the oxygen species do not participate in constructing
the GCN networks and act as additional leaving motifs in the form
of gases (like NOy), leading to high porosity and high specific sur-
face area. Inspired by the structure and composition of urea,
another oxygen-containing compound: biuret, which is the down-
stream product of urea, can be predicted as a new precursor to form
GCN networks by undergoing self-polymerization and condensa-
tion (Fig. S1). Herein, biuret was employed to prepare porous
nitrogen-defect-rich disordered graphitic carbon nitride by the
direct thermal polymerization method, as depicted schematically
in Fig. 1. Other GCNs samples derived from conventional precursors
(melamine, dicyandiamide, thiourea and urea) were also synthe-
sized under identical conditions. With making systematic com-
parisons of BCN and other GCNs samples, the electronic and
textural structure characteristics of BCN were analyzed to demon-
strate the inherent reasons for the ultrahigh photocatalytic H;
production activity.

2. Experimental section
2.1. Preparation of GCNs

GCNs was prepared via the commonly used direct thermal
polymerization of organic precursors. In details, biuret, urea, thio-
urea, dicyandiamide, and melamine (each 1 g) as precursors were
transferred into clean alumina crucibles with covers, respectively,
and then calcined at 550 °C (ramping rate, 5 °C min~!) for 4 h under
Ar atmosphere. After cooling down to room temperature, the cor-
responding powders were collected for photocatalysts and denoted
as BCN, UCN, TCN, DCN and MCN, respectively. In addition, biuret
powder (1 g) also calcined at other temperature (520 and 600 °C) in
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the similar procedure, and the final products denoted as BCN—520
and BCN-600, respectively.

Characterization and Photoelectrochemical measurement were
provided in the Supplementary Material.

2.2. Photocatalytic measurement

Photocatalytic H; and O, production were performed in a sealed
Pyrex glass reactor (120 mL) in which light irradiated from the side
window. A Xe lamp (300 W) equipped with a UV-cutoff filter
(A > 420 nm) was used as the visible-light source (Fig. S2). For the
photocatalytic H, production, triethanolamine (TEOA) functioned
as sacrificial agent to consume photo-generated holes. In detail,
photocatalysts (10 mg), TEOA (8 mL) and deionized water (72 mL)
were mixed into the glass reactor with stirring. Pt (3 wt%) as
cocatalyst was photodeposited in situ on photocatalyst with
H,PtClg-6H,0 as precursor. In addition, photocatalytic Hy-evolu-
tion reactions were also performed in the similar photocatalytic
system except using formic acid (10 vol%), methanol (MeOH, 20 vol
%) and lactic acid (10 vol%) as sacrificial agents, respectively. Before
photocatalytic reaction, the reactor was purged with Ar for 15 min
to eliminate O,. The evolved H, was analyzed on a gas chromato-
graph (thermal conductivity detector, TDX-01 column, Ar as carrier
gas) per 1 h. The details for the measurement of apparent quantum
yield (AQY) were declared in the Supplementary Material.

For the photocatalytic O, production, photocatalysts (10 mg)
was well dispersed in an aqueous solution (80 mL) containing
AgNOs (0.01 M) as an electron acceptor and Lay0s3 (0.16 g) as a pH
buffer agent. Before photocatalytic reaction, the reactor was purged
with Ar for 30 min to eliminate O,. The evolved O, was analyzed on
a gas chromatograph (thermal conductivity detector, TDX-01 col-
umn, Ar as carrier gas) per 1 h.

2.3. Computational method

The DFT calculations were accomplished by the Vienna ab-initio
Simulation Package (VASP) codes. The core electrons were
described by projected augmented wave (PAW) pseudo-potentials.
The exchange and correlation effects of valence electrons were
treated by the generalized gradient approximation (GGA) using the
functional developed by Perdew-Burke-Ernzerhof (PBE). The g-
C3N4 and N defects modified g-C3Ng were fully relaxed by the
method of a conjugate-gradient algorithm with the criterion of
force convergence in 0.02 eV A~! and total energy convergence
within 107> eV. The basis sets of plane waves were cut-off by
500 eV, and k-points mesh of g-C3N4 and N-defects modified g-
C3N4 were generated by the Gamma center method (3 x 6 x 2) for
structure relaxation. As for the band structure computation, due to
the ripple of the N defects modified g-C3Ny, the k path was changed
from I'-X-S-Y-T" of the g-C3Ny4 to I'-X-H_1-C-H-Y-T" of the N defects
modified g-C3Ny4 [21,26].

3. Results and discussion
3.1. Structure and chemical states for GCNs

The chemical structures of all the samples were analyzed by
XRD and FTIR measurements to verify the formation of GCNs.
Fig. 2a, b and S3 show the XRD patterns of all the GCNs samples.
Basically, all the samples showed two typical diffraction peaks: a
minor angle diffraction peak corresponded to in-plane repeating
units of the continuous heptazine (tri-s-triazine) framework, and
another relatively strong peak corresponded to the inter-layer
stacking of conjugated aromatic systems, which were indexed to
the (100) and (002) peaks of g-C3N4, respectively [39—41].
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Top-view

Porous nitrogen-defect-rich disordered graphitic carbon nitride

Fig. 1. Schematic illustration about the formation of porous nitrogen-defect-rich disordered graphitic carbon nitride. (A colour version of this figure can be viewed online.)

Meaningfully, it deserved special attention that the XRD pattern of
BCN was obviously different from those of the other samples.
Firstly, the (100) peak almost disappeared in the BCN pattern,
indicating the long-range disordered structures in atomic ar-
rangements [37]. Furthermore, the (100) peak of BCN appeared at a
lower angle (12.64°) compared to those of the others, implying the
in-plane repeating units structure of the continuous heptazine
framework might be broken instead of numerous defects
embedded into the in-planes of BCN [42]. Secondly, the (002) peak
was extremely broad and weak, suggesting the periodic stacking of
the layers along the c-axis for BCN was incompact and disorderly
[43]. In addition, the (002) peak of BCN also located at a lower angle
(26.71°) compared to those of the other GCNs samples, indicating a
large interplanar distance of layered structure based on Bragg's
Law. The XRD results confirmed that BCN had disordered g-C3Ny
structure.

Table S1 shows the elemental compositions for the as-prepared
GCNs samples from EA. Notably, BCN presented the largest atomic
ratio of carbon to nitrogen element (the actual atomic ratio of
carbon to nitrogen in g-C3N4 is commonly smaller than 0.75 in
stoichiometry because of incomplete condensation of NH/NH;
groups [6,40]), proving that nitrogen vacancies could be embedded
in the structure of BCN. For the FTIR spectra, as shown in Fig. 2c, all
the samples commonly showed spectra with typical characteristic
peaks of g-C3N4: the peaks located at 2900—3300, 900—1700 and
810 cm ™! were assigned to the stretching vibrational absorptions of
N—H bonds, aromatic C—N heterocycles and the out-of-plane
bending vibrations of tri-striazine subunits, respectively [44].
Take the analysis and comparisons for all the as-prepared GCNs
samples, the FTIR spectrum of BCN was a bit different from those of
the others. The intensity of the N—H stretching peaks for BCN was
progressive weak as compared with those of other samples, sug-
gesting the low concentration of N—H groups in the structure [42].
Moreover, a peak at 2178 cm~! was observed in the spectrum,
which was assigned to the asymmetric stretching vibration of
cyano groups (—C=N) [45]. Note that the intensities of peaks
(located between 900 and 1200 cm™!) assigned to the stretching
modes of aromatic C—N heterocycles in the “melon” framework for
BCN was progressive strong as compared with those for other
samples [43,45], indicating the polymerization degree of “melon”
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in BCN framework was higher than those in other sample. As a
result, high polymerization degree would contribute to extended
T-system, low proton concentration and enhanced transportation
of charge carriers, thus making for high-efficiency photocatalytic
performance. Fig. 2d shows closer investigation over the FTIR
spectra (1700—1200 and 950—750 cm™!) of all the as-prepared
GCNs samples, it can be observed that two peaks attributed to
bridging C—NH—C units of melon for BCN were different from the
others and located at relatively higher wavenumber (1252 and
1422 cm™!). Meanwhile, it presents that the peak belonging to the
out-of-plane bending vibrations of tri-s-triazine subunits for BCN
also appeared at a relatively higher wavenumber (812 cm™'). These
above differences indicated that BCN contained cyano group and
nitrogen vacancies, resulting in significant changes in the con-
structions of aromatic C—N heterocycles and tri-s-triazine structure
[27].

The surface chemical states for the as-prepared GCNs samples
were next analyzed by XPS measurements. Fig. S4a shows the C 1s
spectrum of BCN, three typical peaks centered at around 284.8,
286.0 and 288.2 eV could be indexed to the graphitic carbon C=C,
sp2-hybridized C connected to —NH and —NH, (C—NH and C—NH,),
and sp? C bonded to N in aromatic ring N—C=N, respectively
[46—48]. For the N 1s spectrum of BCN (Fig. S4b), the four peaks
located at 398.5, 399.6, 401.2, and 403.9 eV could be indexed to the
sp>-hybridized nitrogen in C—N=C (Ny¢), tertiary nitrogen in
N—(C)s (N3c) groups, positive charge localization in heterocycles
N—H, and T-excitation, respectively [46—48]. Noc and N3, together
with sp? C in N—C=N constitute the heptazine heterocyclic ring
(CeN7) unit, constructing the basic substructure unit of the g-C3Ny4
polymers. In addition, systematic comparisons were made for the C
1s and N 1s spectra of all the GCNs samples, as shown in Fig. 3a and
b, Table S2 and Table S3. Above all, on one hand, BCN showed the
pretty large peak-area ratio for C species of C—NH&C—NH; to
N—C=N, concluding a low content of C 2p orbital (sp® hybridized
N—C=N), which generally indicated the reduction of crystallinity
or much structural disorder in BCN [7]. On the other hand, there
was a very small peak-area ratio for N species of C—N=C to N—(C)3,
it implied that the two-coordinated N atom in C—N=C was pref-
erentially missing in the formation of BCN. Because the nitrogen
vacancies and cyano group have been confirmed to embedding into
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Fig. 2. (a) XRD patterns and (b) corresponding magnified results about the (100) (left) and (002) (right) diffraction peaks for MCN, DCN, TCN, UCN and BCN. (c) FTIR spectra and (d)
corresponding magnified results in the ranges of 1700—1200 cm~"' (left) and 950—750 cm ™" (right) for MCN, DCN, TCN, UCN and BCN. (A colour version of this figure can be viewed

online.)

the in-planes of BCN, it thus provided a clear evidence that the
heptazine units in the BCN could be opened, resulting in providing
much unsaturated N sites as well as offering much more active
atoms for the functionalization of BCN. It is known that the residual
amine groups (—NH&NH;) containing N—H were responsible for
the formation of hydrogen bonds in the GCN layer structure, which
not only influenced the agglomeration of layers structure in bulk
GCN but also functioned for maintaining the intralayer long-range
atomic order for GCN [7,37]. BCN had the much small peak-area
ratio for N species of N—H to N—(C)3, consequently, the lack of
the intralayer hydrogen bonds would lead to long-range disordered
layer structure into small carbon nitride pieces of BCN. The struc-
ture fluctuation of the hydrogen bonding-free layers and weak van
der Waals force between layers could perturb the periodic stacking
and prevent the re-stacking of the BCN pieces, simultaneously
[49,50]. The results were consistent with the XRD conclusions of
the reason for weak and broad (100) and (002) peaks. Interestingly,
BCN exhibited the minimum peak-area content for N species of 7-
excitation, which could be attributed to that the disorganized long-
range structure constructed positive mw-conjugated electronic sys-
tem containing much reduced m-7 interaction [8].
Synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy was also carried out to further expound the
nitrogen-defect-rich disordered structure of BCN for the view of
electronic structure evolution. As show in Fig. 3c, the C K-edge
XANES spectra of all the as-prepared GCNs samples showed two
peaks for illustrating the inplane and/or out-of plane C—N bonding,
which could reveal the C—N hybridization and the possible charge
transfer in GCN interlayers. In details, peak C1 was assigned to the
carbon defects structures in GCN frameworks, and BCN had the
weakest peak intensity to demonstrate the fewest amount of car-
bon defects [51,52], which was correlated to the EA results. Peak C2
was assigned to the N—C=N sp? hybridized states in which electron
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translated from the C 1s to 2p ©* orbital [51,52]. In general, weaker
intensity of peak C2 implies more structural disorder in GCN
framework [53]. It observed that BCN had the weakest intensity of
peak C2 as compared to those of the others, strongly suggesting the
disordered structure of BCN. With regard to the N K-edge XANES
spectra (Fig. 3d), all the samples showed two species of N sites in
GCNs frameworks, i.e., the N1 site of C=N—C coordination struc-
ture in the heptazine units and the N2 site of N—(C); bridging
structure connecting with three heptazine units [51,54]. The N1 and
N2 peaks of BCN both exhibited the weakest intensities compared
with those of the others, indicating the existences of electron back-
donation effect as well as nitrogen vacancies in BCN framework
[51]. Especially, the peak intensity ratio of N1/N2 for BCN had the
smallest value in all the as-prepared GCNs samples (Table S4),
implying that there were many more nitrogen vacancies at N1 sites
in BCN structure.

3.2. Micro-nano structure and textual properties for GCNs

The surface areas and porosities of all the as-prepared GCNs
were characterized subsequently. Fig. 4a shows the nitrogen
absorption-desorption isotherms for all the samples. Different from
the others, BCN and UCN presented high adsorption capacities in
high relative pressure (P/Pyp > 0.8), demonstrating the existence of
abundant mesopores and macropores in BCN and UCN. As shown in
Table 1, BCN had a large surface area (45.3 m? g~!) close to that of
UCN. Moreover, BCN showed the largest pore volume
(0.283 cm?® g~ 1) but relatively small pore size (11.2 nm), implying
the existence of a vast amount of pores in BCN. According to the
pore-size distribution curves of all the as-prepared GCNs samples
(Fig. S5), BCN possessed similar pore-size distribution to that of
UCN, and the mainly distribution range was 1—54 nm, particularly
smaller than 1.8 nm. It was thus deduced that BCN not only had a
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Table 1
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Textual properties, bandgaps, average decay lifetimes, Hp-production rates and O,-production rates of BCN, UCN, TCN, DCN and MCN samples.

Sample Surface area/m? Pore volume/cm? Pore size/  Band gap/ Average d

ecay lifetime/ H,-production rate/umol h!  O,-production rate/umol h™"

g’ g nm eV ns Seat geat
BCN 453 0.283 11.2 245 5.01 7026 251
UCN 436 0.194 80.7 2.75 6.13 3120 162
TCN 10.3 0.061 9.0 2.55 5.78 1242 151
DCN 7.2 0.046 115 2.67 8.13 849 300
MCN 5.7 0.040 121 2.63 6.61 680 96

large amount of mesopores and macropores, but also numerous
micropores. The morphologies and microstructures for the as-
prepared GCNs were investigated by SEM and TEM, and the
related results are presented in Fig. 4b—d, S6 and S7. As observing
from the SEM images (Fig. 4b, S6a and b), BCN possessed chipping-
like structure with loose and curly morphology without aggrega-
tion. In addition, the low-magnification TEM image (Fig. S7a)
revealed that the micro-nano morphology of BCN was quite similar
to that of graphene. Fig. 4c and d further showed that BCN appeared
as twisted ultrathin layers with edges rolling up, and looked like
dancing ribbons. It was demonstrated that there existed many in-
plane holes with the sizes from several to dozens of nanometers
in the ultrathin layers, indicating the porous layered structure of
BCN.

3.3. Optical and EPR properties for GCNs

Usually, the structural distortion and nitrogen defects could
greatly extend the optical properties of GCNs [18,50]. As shown in
Fig. 5a, the optical properties of all the as-prepared GCNs samples

were studied by UV—vis spectra. BCN was enabled to possess the
best light absorption ability compared with the others, and its ab-
sorption edge was at about 525 nm. Moreover, BCN exhibited
remarkable light absorption tails in the long wavelengths range
(500—800 nm), mainly owing to the presence of abundant nitrogen
vacancies [54]. In addition, inset in Fig. 5a shows digital photo-
graphs of samples with a mass of 100 mg in each bottle. BCN
appeared fluffy with a color of brown gray, which could be corre-
sponding to the large surface area and porous structure of BCN, as
well as its good optical property. As for the EPR spectra (Fig. 5d), all
the as-prepared GCNs had a single Lorentzian line with the g value
of 2.0028, which was ascribed to unpaired electrons of sp> C atoms
in the m-conjugated aromatic rings [45,55]. Compared with those
for UCN, TCN, DCN and MCN, the stronger EPR signal for BCN
indicated the higher concentration of lone electron pairs, suggest-
ing the defect structure in BCN with more unsaturated N sites
[27,45]. Meanwhile, the bandgap energies of all the as-prepared
GCNs samples were derived by the Kubelka—Munk method, as
shown in Fig. S8. BCN showed a narrow bandgap of 2.45 eV, and the
bandgaps of MCN, DCN, TCN and UCN were calculated to be 2.63,
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Fig. 5. (a) UV—vis spectra, (b) Mott-Schottky plots, (c) eletronic band structure alignment:
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photograph of samples with the mass is 100 mg, respectively. (A colour version of this figure can be viewed online.)
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2.67,2.55 and 2.75 eV, respectively. Based on the analysis about the
valence band maximum (VBM) values by valence band (VB) XPS
spectra (Fig. S9) and the conduction band minimum (CBM) values
by Mott-Schottky (MS) plots (Fig. 5b), the band-structure align-
ments for all the as-prepared GCNs samples are schematically given
in Fig. 5c. For BCN, the CBM and VBM position were at
about —1.07 V and 1.38 V vs. RHE, respectively, indicating that BCN
satisfied the thermodynamic requirements for the redox reactions
of water splitting, i.e., Hy and O, production.

3.4. DFT calculations of band structure for BCN

For BCN, as a semiconductor with long-range disordered
structures in atomic arrangements and broken in-plane repeating
heptazine framework units, its small energy level difference be-
tween the highest occupied and lowest unoccupied electronic
states could make for a small bandgap. In addition, the coexistence
of cyano groups and N vacancies in the heptazine unit cell of BCN
would usually produce a defect energy level consisted of both C 2p
and N 2p orbitals above the VBM, which coincided with the strong
absorption tail observed in BCN sample. The defect structure could
also make a contribution to the narrow bandgap of BCN. Density-
functional theory (DFT) calculations were carried out to further
reveal the electronic structure of g-C3N4 as induced by nitrogen
defects (—C=N group and N vacancy) and disordered structure.
Structure models of g-C3N4 without and with N defects were built
to simulate the structural characteristics of pristine g-C3N4 and
BCN, respectively (Fig. 6a, b, d and e). The calculation results
showed that, after the introduction of nitrogen defects into the unit
cell of g-C3Ny, the structure of g-C3N4 became disordered and the
bandgap energy decreased from 2.36 to 2.20 eV (Fig. 6¢ and f),
which agreed well with the structure of BCN and the general trend
in the bandgap data above. Moreover, the CB of g-C3N4 without N
defects consisted of both C 2p and N 2p orbitals, while the VB was
mainly composed of N 2p orbitals (edge N atoms of heptazine
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Furthermore, for g-C3N4 with N defects, a defect energy level
composed of both C 2p and N 2p orbitals appeared above the VB
position, which was reflected by the remarkable absorption tail
observed in the nitrogen-defect-rich disordered g-C3N4 (BCN).

3.5. Photoexcitation processes and photo-generated charge carriers
dynamics for GCNs

To reveal the photoexcitation process of the photocatalyst, the C
K-edge and N K-edge XANES spectra for all the as-prepared GCNs
were both measured in the dark and under illumination to explore
the photo-excited electron transition from the lone pair states (i.e.,
occupied states) to the 1t* states (i.e., unoccupied states). For both C
and N K-edge XANES spectra (Fig. 7a and b), all the as-prepared
GCNs showed higher intensities under light irradiation than those
under dark conditions, and the irradiation—dark intensity varia-
tions for BCN were generally more obvious than those of the others.
Especially, the irradiation—dark intensity variation of C K-edge
XANES spectra for BCN was notably obvious as compared to those
of the other GCNs, which indicated plenty of empty states were
generated in the CB of BCN [51,52]. The differences in C and N K-
edge XANES spectra between BCN and the others meant that the
more efficient electron excitation from the occupied orbitals in the
VB to the unoccupied states in the CB was occurred in the BCN
structure [51,53]. It also could be evolved that the nitrogen defects
and disordered structure in BCN framework provided more un-
saturated sites to facilitate the formation of unpaired electrons and
benefit the photo-induced generation of charge carriers for pho-
tocatalytic reaction. Furthermore, the possibility of recombination
for photo-generated charge carriers was then explored by photo-
luminescence measurements. Fig. 7c shows the steady-state PL
spectra of MCN, DCN, TCN, UCN and BCN samples. BCN had the
weakest steady-state PL intensity, indicating the effective sup-
pression about the recombination of photo-generated charge car-
riers [57—59]. This improvement could be attributed to two
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Fig. 6. (a, b, d and e) Structure models for g-CsN4 (a, b) without N defects and (d, e) with N defects (including —C=N group and N vacancy). (c, f) Calculated band structures and
corresponding density of states (DOS) for g-C3N4 (c) without and (f) with N defects, respectively. (A colour version of this figure can be viewed online.)
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porous structure of BCN resulted in short migration distances for
photo-generated charge carriers [50]; on the other hand, the cyano
terminal (—C=N) groups located at the sheet edges of BCN acted as
electron acceptors to promote the migration of photo-generated
charge carriers [45,57]. Moreover, the transfer dynamics of charge
carriers were further investigated by measuring transient PL decay
spectra, the results are shown in Fig. 7d. The order of average
lifetimes for all the as-prepared GCNs samples was demonstrated
as BCN < TCN < UCN < MCN < DCN, which was consistent with the
order of steady-state PL intensity. The results implied that BCN
could own additional nonradiative decay channels to promote the
electron transfer due to the nitrogen-defect-rich disordered g-C3Ny
networks, leading to effective suppression of the electron—hole
recombination [60—64].

3.6. Photocatalytic performance for GCNs

Photocatalytic H, evolution and O, evolution were measured to
examine the photocatalytic performances of all the as-prepared
GCNs samples. Fig. S10 presents the photocatalytic Hy-evolution
activities for BCN with using different sacrificial agents. BCN
showed the highest photocatalytic Hy-evolution activity with using
formic acid as sacrificial reagent. However, formic acid can
decompose itself to produce hydrogen with light irradiation and
stirring, we preferred TEOA as sacrificial reagent to evaluate the
photocatalytic Hy-evolution performance for the photocatalyst.
Fig. 8a presents the photocatalytic Hy-evolution rate for all the
samples under visible-light irradiation with using TEOA as sacrifi-
cial agent. Compared with other GCNs samples, BCN behaved the
highest photocatalytic activity for H, evolution (7026 pmol h~! g&h)

under the same measurement condition. In addition, the photo-
catalytic Hy-evolution activity of BCN was further enhanced to an
ultrahigh value (19583 pmol h~! gz}) by optimizing the addition
amount of KyHPO4 into the photocatalytic reaction solution
(Fig. S11). K;HPO4 was employed to mimic phosphate-involving
natural photosynthesis environment, in which the light-
dependent reactions occur in thylakoid membranes featuring
phosphates that promote migration of electrons and reduction of
protons [65]. In order to intuitively demonstrate the photocatalytic
Hy-evolution activity of BCN, photocatalytic Hy-evolution reaction
was performed in an unsealed breaker. As shown in Supplementary
Video and Fig. S12, a large amount of bubbles were generated and
detached out from the surface of photocatalyst under visible-light
irradiation. Fig. 8b and Fig. S13 present the AQYs of BCN for H,
evolution at different wavelengths, and the AQY was estimated to
be 45.5% at 420 nm, which is one of the highest values for GCNs
photocatalysts (Table S6). The AQY values at different wavelengths
showed good consistence with the optical absorption of BCN,
revealing that the photocatalytic Hy-evolution reaction was pri-
marily driven by the photocatalytic process of photo-excitation of
BCN [55,66]. In addition, cyclic test of photocatalytic activity for H,
evolution was performed to check the photocatalytic stability of
BCN, as shown in Fig. 8c. The photocatalytic Hy-evolution activity
for BCN showed no decay in five cyclic tests for 15 h, indicating the
good photocatalytic stability of BCN. Furthermore, as shown in
Fig. S15, XRD, FTIR and XPS measurements were employed to
characterize the recovered photocatalyst (BCN—R) after photo-
catalytic Hp-evolution reaction. It almost had no difference be-
tween BCN—R and BCN, further indicating the good stability of BCN
for photocatalytic H, evolution. Additionally, other GCN (BCN—520
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and BCN—600) obtained by calcining biuret at other high temper-
ature were characterized and evaluated by photocatalytic H, evo-
lution, as shown in Fig. S16. XRD and FTIR results showed BCN—520,
BCN and BCN—600 had the typical structural characteristics of g-
C3N4. With increasing the preparation temperature, the biuret-
derived g-C3N4 became more disordered, and had more N defects
(Fig. S16a). UV—vis spectra showed BCN—520, BCN and BCN—600
presented similar light absorption ability, absorption edge was
gradually and slightly red shift with increasing the preparation
temperature (Fig. S16¢). The photocatalytic test showed BCN had
the highest Hy-evolution activity (Fig. S16d). In addition to photo-
catalytic H; evolution, photocatalytic O, evolution was examined in
the presence of AgNOs as sacrificial agent in photocatalytic reaction
solution. As shown in Fig. 8d and S17, BCN could enable water
oxidation with an initial rate of 251 umol h! g{alt under visible-
light irradiation. Considering the photocatalytic overall water
splitting of BCN in pure water, neither H, nor O, was detected when
the photocatalytic reaction was carried out without employing any
sacrificial reagent.

According to all of the above characterizations and analysis, the
immanent mechanism of ultrahigh photocatalytic H,-production
activity for BCN could be mainly attributed to the following aspects:
Firstly, the nitrogen-defect-rich disordered structure made BCN
possess smaller bandgap than the commonly available GCNs. BCN
had a wide light-absorption range and thus utilized a large portion
of solar radiation. Secondly, the recombination of photo-generated
electron-holes for BCN was effectively inhibited, due to the large
interlayer distance and fragmented porous structure, as well as the
existence of cyano terminal (—C=N) groups located at the sheet
edges of BCN. Finally, BCN had abundant reactive sites for
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photocatalytic reaction because of its large specific surface area and
numerous N defects. The synergistic effect of above advantages
provided strong support for BCN to realize ultrahighly efficient
activity for photocatalytic H, evolution.

4. Conclusions

Biuret was employed as a new precursor to prepare disordered
nitrogen-defect-rich porous graphitic carbon nitride (BCN) by the
thermal polymerization method, and for systematic comparisons,
other conventional precursors (melamine, dicyandiamide, thiourea
and urea) were also employed to prepare commonly available GCNs
(MCN, DCN, TCN and UCN) under the identical conditions. The
resultant biuret-derived BCN possessed unique crystal and textural
structures. On the one hand, numerous N defects and long-range
atomic disordered structure in BCN led to extended visible-light
absorption, improved separation of photo-generated charge car-
riers, and rich available reactive sites, cyano terminal (—C=N)
groups located at the sheet edges of BCN acted as electron acceptors
to promote the migration of photo-generated charge carriers. On
the other hand, large surface area and vast amounts of pores in BCN
also generated many reactive sites. As a result, BCN behaved
ultrahighly efficient activity for photocatalytic Hy evolution and
also excellent activity for photocatalytic O, evolution, the AQY for
photocatalytic H, production was estimated to be 45.5% at 420 nm,
which is one of the highest values for GCN photocatalysts. Biuret
could be the optimal choice for the preparation of high-
performance GCN according to the reports so far. This study pre-
sented a promising strategy to prepare high-efficiency carbon ni-
trides, and provided insight into the structural design of carbon
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nitrides for application of more efficient solar energy conversion.
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