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An ambient pressure-induced calcination process was proposed to prepare g-CsN, with different
structures. The porcelain boat with designed porosity is used to control the ambient pressure to change
the diffusion behavior of the reaction molecules, thereby controlling the layer structure and rich pyridinic
N content of g-C3Ny, thus renders superior lithium storage performance.
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As one of the most potential complement carbon materials,
graphitic carbon nitride (g-CsN4) has become a remarkable
hotspot in a variety of research fields, such as catalysis (photo,
electrical and organic) [1,2], bio-imaging [3], fuel cell [4], sensing
(chemical and biological) [5,6] and energy-storage application
(batteries, and supercapacitors) [7,8]. The extensive applications
of g-C3N4 can be attributed to its excellent physicochemical
properties, including semi-conductive feature, relative low-cost,
convenient synthesis and modification, and outstanding thermal
and chemical stability [9-14].

Various nitrogen-rich precursors that do not contain direct
C—C bonds, such as urea, cyanamide, dicyandiamide, melamine
and guanidinium chloride, can be synthesized g-C3N4 by thermal
polymerization reaction [15-17]. In recent years, considerable
efforts have been made to regulate the preparation of g-CsNy. For
example, the type and content of nitrogen in g-CsN4 can be
adjusted by different precursors and reaction techniques, such as
controlling the calcination temperature and time [18,19], the
magnesiothermic denitriding route [20] and the catalyst-assisted
thermal treatment [18]. In addition, as alternative approaches,
exfoliation methods of sonication-assisted liquid-process
and thermal-oxidation route are frequently-used to synthetize
g-C3Ny4 nanosheets and thin films [10].
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In the thermal polymerization process, the calcination ambient
generally has a large effect on the structure, morphology and
composition of the final product. For example, Sun et al. reported
that during the calcination of mesoporous metal oxides, the size,
shape and opening of the vessel can control the escape rate of the
intermediate product and subsequently affect the crystal phase
structure of the final product [21]. More recently, Fu et al.
synthesized a porous few-layer carbon nitride by controlling the
calcination process. The calcination process produces a great deal
of gaseous reaction products, which causes a sharp increase in the
internal gas pressure between the precursor layers, resulting in
molecular self-assembly during thermal polycondensation [22].
Therefore, the study of calcination ambient is of great significance
for the synthesis of g-C3N4 and its composites.

Herein, we develop an ambient pressure regulating strategy to
design the g-C5N, with dispersive layers and a superior pyridinic N
content. The proposed strategy is to use the different containers
including opened, pored and sealed porcelain boat covered with
aluminized paper to control the flow forms of nitrogen gas, thereby
affecting the diffusion behavior of molecules during the calcination
process. As a result, three kinds of g-CsN4, correspondingly as
g-C3N4-0, g-C3N4-P and g-C3N4-S were obtained with different
structures, such as the morphology of each layer, the stacking
mode of interlayer, the species and content of nitrogen.

The fabrication process of the three kinds of g-C3Nj is
schematically illustrated in Fig. 1a. By adjusting the porosity of
porcelain boat, ambient pressure during the calcination process
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Fig.1. (a) Schematicillustration of the fabrication g-C3N4 via the opened, pored and sealed porcelain boat process. Optical, TEM and magnified TEM images of g-C3N4-O (b, e, h),

g-C3N4-P (¢, f, i) and g-C3N4-S (d, g, j), respectively.

can be controlled and g-CsN, with different structures are
synthesized. After treated in different types of porcelain boats,
the colors of the products are obviously changed from yellow to
dark yellow and finally to brown (Figs. 1b-d). The color change can
be attributed to the different composition of g-C3N4 The
morphologies of the g-C3N4 products are investigated by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). From Fig. 1e and h, there are no significant stratification and
g-C3N4-0 are scattered in a mess (Figs. Sla-c in Supporting
information). As shown in Figs. 1g and j, g-C3N4-S appears severe
agglomeration with a multilayered stacking structure, just like
numerous pieces of amber sticking layer upon layer. This structure
is consistent with the SEM images in which the blocks accumulate
significantly and form considerable huge block structure
(Figs. S1g-i in Supporting information). In contrast, g-C3N4-P
exhibits outstanding dispersity where the voile-like structure is
comprised of thinner layers (Fig. S1f and i in Supporting
information). Further the SEM images displays well-distributed
block structure (Figs. S1d-f in Supporting information). As
shown in Fig. S2 (Supporting information), the tap densities
are measured to be ~0.661, 0.686 and 0.743g/cm> for
g-C3N4-0, g-C3N4-P and g-C3Ny4-S, respectively, which is related
to the dispersity of these samples.

All three kinds of g-CsN4 present a similar peak loaded at
20=13.1°, which is attributed to the (100) planes corresponding to
an in-plane packing structure of the continuous heptazine
framework in XRD pattern (Fig. 2a) [23]. It is worthy to mention
that the peak intensity of g-C3N4-O, g-C3N4-P and g-C3Ng4-S
decreases sequentially. The broader and weaker peaks may be
related to the form of blocks, where the lower angle reflexes more
effected by geometric confinement correspond to larger d values
[20]. The intensive diffraction peaks approximately detected at 26
=27° are assigned to a (002) interlayer packing of aromatic carbon

layers [21]. In addition, from the amplified XRD patterns, the (002)
planes of g-C3N4-0, g-C3N4-P and g-C5Ny4-S slightly shift to higher
angles (from 26.88° to 27.10° and 27.26°), indicating the formation
of a shorter interlayer distance, which further corresponds to the
layer stacking conditions exhibited in the TEM images (Figs. 1e-j).

The composites are further characterized by X-ray photoelec-
tron spectroscopy (XPS). The g-C3N,4 shows three characteristic
peaks corresponding to C 1s, N 1s and O 1s, respectively (Fig. 2b).
Figs. 2c—e show the high-resolution XPS N 1s spectrum of g-C3Ny4-
0, g-C3N4-P and g-C3Ny4-S, respectively. The N 1s spectrum can be
resolved into three component peaks at 398.7, 400.1 and 401.0 eV,
corresponding to pyridinic N, pyrrolic N and graphitic N,
respectively. [24-27] In addition, among the three nitrogen
species, the pyridinic and pyrrolic N can serve as active sites for
lithium storage [28], wherein pyridinic N is preferred. As shown in
Fig. 2f, the pyridinic N content (55.6%) of g-C3N4-P are higher than
g-C3N4-0 (45.04%) and g-C3N4-S (50.01%), and the higher pyridine
N content can provide more effective N-active sites to increase
lithium storage capacity. XPS is further used to identify the atomic
compositions of the three samples (Table S1 in Supporting
information). g-C3N4-P mainly consists of three elements of C
(41.63%), N (54.69%) and O (3.67%), with a moderate nitrogen
content compared with g-C3N4-0 (53.72%) and g-C3N4-S (55.61%).

The typical FT-IR peaks of the g-C3N4 (Fig. S3 in Supporting
information) located at 3100-3500, 1200-1600 and 810cm™},
correspond to the stretching band of N—H and O—H, the aromatic
C—N band stretching in heterocycles and the breathing mode of
triazine units [29,30], respectively. TG is further carried out to
study the thermal stability of g-CsN4-P (Fig. S4 in Supporting
information). The weight loss from 30 °C to 154 °C is attributed to
the evaporation of absorbed H,0. The g-C5N,4-P maintains thermal
stability from 152 °C to 450°C and occurs decomposition from
450 °C to 745 °C. The nitrogen adsorption-desorption isotherms of
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Fig. 2. Physicochemical properties of the three kinds of g-C3N4. (a) XRD patterns, inset image: amplified XRD patterns. (b) XPS survey spectra. (c—e) N 1s spectra of g-C3N4-0,

g-C3N4-P and g-C3Ny4-S, respectively. (f) Contents of different nitrogen species.

the g-C5N4 (Fig. S5a in Supporting information) reveal the isotherm
of typical IV type with an H2-type hysteresis loop, indicating the
presence of mesopores and macropores. The BET surface area of
g-C3N4-0 (10.3 m?/g) is higher than g-CsN4-P (7.1 m?/g) and
g-C5N,4-S (6.7 m?/g), which is attributed to the scattered structure
exposing more surfaces. In contrast, g-C3N4-S has the lowest BET
surface area caused by the multilayered stacking structure.
From the pore size distribution curves (Fig. S5b in Supporting
information), sharp peaks at about 3 nm and broad peaks ranging
from 30nm to 120nm are identified, corresponding to the
existence of macropores and mesopores, respectively. The obvious
mesopore distribution of g-CsN4-O may be due to the stacking
prevention of the intermediate product during the cyanamide
polymerization.

Based on the porosity adjusting of porcelain boat in g-C3N4
fabrication, series of work was carried out to prove its universality
and extended to the composite of silicon and g-CsN,4 (Fig. S6 in
Supporting information). Compared with the SEM images of SiO,
nanosphere (Figs. S7a and b in Supporting information), SiO,@g-
C3Ny4 exhibits an ordered 2D structure, and SiO, nanospheres are
uniformly dispersed on each g-CsN4 layer (Figs. S7c and d in
Supporting information). Fig. S8 (Supporting information) displays
the composite of Si attaching on g-C3N4 with different Si contents
(30%, 40% and 50%). Furthermore, g-C3N4 can be also compounded
well with core-shell Si@TiO, nanosphere (Fig. S9 in Supporting
information). We believe that this extra works could provide an
effective reference for studying the composite of g-C3N4 with
silicon and other materials.

The synthesis process of g-CsN, derived from cyanamide
precursor is shown in Fig. S10 (Supporting information). As
reported in the literatures [24,31], the endothermic melting of
cyanamide occurs at 45°C, and in the following reactions,
dicyandiamide, melamine, melem, and polymeric melem are
formed by a series of exothermic polycondensation processes at
137, 234, 350 and 390 °C, respectively. Finally, g-C5N, is formed at
520 °C, via the layer stacking under van der Waals force. To better

understand the reaction kinetics, the possible schematic model for
the formation of g-C3N,4 are exhibited. In Fig. 3a, by adjusting the
porosity of porcelain boat (from top to bottom, opened, pored, and
sealed porcelain boat, respectively), the ambient pressure is
changed with the flow forms of nitrogen gas: Outward diffusion,
cyclic flow, and inward compression. As a result, the diffusion
behavior of the cyanamide molecules and a series of intermediates
will depend on the flow pattern of the gas stream, resulting in
different internal structures. As shown in Fig. 3b, the g-C3N4-P
displays the standardized layer constructed from tri-s-triazine,
where the nitrogen atoms at different position can form pyridinic
(C—N=C), pyrrolinic (N—(C)3), and graphitic nitrogen (N—H).
However, when the ambient pressure transformed, the single layer
of g-C3N4-0 exhibits a half-baked structure due to the incomplete
condensation, where the extra edges can result in the form of more
graphitic nitrogen (N—H), and amino-groups (—NH,) which are in
consistence with the stronger FT-IR band in the 3100-3500 cm ™'
region of g-C5N4-O [28]. These extra groups can decrease the C/N
atomic ratios (confirmed by Table S1 in Supporting information),
less than theoretical value of 0.75 [16]. The ratio of pyridinic N
(C—N=C) and pyrrolinic N (N—(C)3) is also decreased (Fig. 2f)
[32,33]. In contrast, the layers shown in g-C3N4-S are relative
complete, but due to the strong 7r-7r interaction, the planar ring can
easily reform a series of nanoscale blocks, such as powders, films or
particles [22]. Furthermore, as shown in Fig. 3¢, ambient pressure
also plays an important role in interlayer stacking. The layer
spacing of g-C3N4-0, g-C3N4-P and g-C3Ny4-S decreases with the
ambient pressure increasing, respectively, which is consistent with
the (002) stacking peak of XRD pattern.

The electrochemical performance of the composites is evaluated
as anode material of lithium ion batteries. According to the
electrochemical impedance spectra (EIS) in Fig. 4a, the diameter
of two semicircles of g-C3N4-P electrode are smallest, confirming the
faster Li* ion transfer, higher electrode conductivity, and proper SEI
formation. From the CV curves of g-C3N4-P electrode (Fig. 4b), the
cathodic peaks at about 0.83 Vand 1.13 V are disappeared and nearly
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Fig. 3. Schematic models of three kinds of g-C3N,. (a) Diagrams of ambient pressure effect of opened, pored and sealed porcelain boats from top to bottom, respectively. (b and c)
Layer structures and interlayer stacking of g-C3N4-0, g-C3N4-P and g-C3N4-S from top to bottom, respectively.

2500
(a) q
20009 ¢CN O ll w-
g o gCNP
1500
g 4 gCNS
N
¥ 1000 A\
AA
u, A
AA
500 hnnw‘x
Al -nu‘
0 -
0 500 1000 1500 2000 2500
7' (Ohm)
300(©)
e
250—_'42; . o = gCN-O
®200{ & E| = o ¢ gCNT
é ] R E :\tn > » gCN-S
£ 150+ gl E| =
E. §|E| 2
Q (=3
g 100 S| E
3 S i
O S
50 -
0 ‘ >
T T
0 20 40 60 80 100

Cycle number

Current (mA)

0.02-4(b)
0.014
0.004
-0.01
-0.02
-0.03
-0.04
-0.054
-0.06 T T T T T
00 05 10 1.5 20 25 30
Voltage (V vs. Li/Li")
(d) 110
201 o S e 100
200_! oowgoNoO [0
Q) o e gCNP  1gp €
= > » gCN-S Iy
Fi S
5] 2
c E
3
O
0 T T T T T T T T T 21)
0 50 100 150 200 230 300 350 400 430
Cycle number

Fig. 4. Electrochemical performances of the three kinds of g-C3N,. (a) Electrochemical impedance spectroscopy (EIS) of the three kinds of g-C3N,4 electrodes. (b) CV curves of
g-C3N4-Pelectrode at a scanning rate of 0.01 mV/s in the voltage range from 0.1 V to 3.0 V. (c) Rate capabilities of the three kinds of g-C3N,4 electrodes. (d) Cycling performances
of the three kinds of g-C5N4 electrodes at a current density of 100 mA/g (first activated with five cycles at 50 mA/g).

overlapped in the following scans, confirming the stable and
excellent reversibility of the as-prepared material. Further, the
g-C3N4-P  electrode also displays excellent rate and cycling
performance with higher reversible capacities than g-C3N4-O and
g-C3Ny-S electrodes (Figs. 4c and d). The initial coulombic efficiency
of g-C3N4-0, g-C3N4-P and g-C3N4-S is 26.5%, 29.4% and 23.8%,
respectively. The excellent electrochemical performance of g-C3N4-P
can be attributed to its dispersed layer structure which limits the
aggregation of the layers, thereby alleviating the volume expansion
[7]. In addition, the higher pyridine N content provides a more
efficient N-active site to increase lithium storage capacity [34-39].

In summary, the significant effect of ambient pressure on the
calcination synthesis of g-C3N4 was demonstrated. The flow forms
of nitrogen gas can influence the spreading behavior of cyanamide
molecules and a series of intermediate products, ultimately
affecting the component and structure of as-prepared g-C3Ng.
By utilizing this effect, g-C3N4-P with dispersive layers and
superior pyridinic N content is synthesized via the use of porcelain
boat with certain porosity. The obtained g-C3N4-P exhibits a
reversible lithium storage capacity of 102 mAh/g after 450 cycles at
a current density of 100 mA/g. We believe that the insight of
synthesizing different structures of g-C3N4 is also applicable to



G. Sun et al. /Chinese Chemical Letters 31 (2020) 1603-1607 1607

other CN precursors and combining them with other materials,
such as silicon, graphene and metals.
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