ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Enhanced charge separation and transport
efficiency induced by vertical slices on the surface
of carbon nitride for visible-light-driven hydrogen
evolutiony

i ") Check for updates ‘

Cite this: RSC Adv., 2019, 9, 4404

Qian Yang,?® Zehao Li,?® ChengCheng Chen,®® Zhengguo Zhang®®
and Xiaoming Fang (& *a®

Numerous vertical slices with thicknesses in the range of 100-200 nm were generated from pristine bulk
carbon nitride (BCN) via an ammonium nitrate (NH4NOg3)-assisted hydrothermal treatment. Compared with
the structure of BCN, the obtained novel hierarchical structure consisted of more uniform mesopores (2-14
nm) and possessed enlarged specific surface area of 64.1 m? g% It was elucidated that both NH,4* and
NOs™~ play important roles in the formation of the vertical slices, which could not only create an acidic
environment for the hydrothermal system but also form hydrogen bonds with the surface tri-s-triazine
units of BCN simultaneously. It was found that the hierarchical structure exhibited enhanced crystallinity,

reduced photoluminescence emission, and increased photocurrent response. Consequently, a hydrogen
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Accepted 21st January 2019 evolution rate of 1817.9 umol h™" g™~ was achieved by the hierarchical structure, which was 4.1 times

higher than that of BCN. The hydrothermal post-treatment strategy explored in this work provides a new

DOI: 10.1039/c8ra09576k insight into the design and modification of polymeric carbon nitride for generating a hierarchical porous
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1 Introduction

With the increasing demand for clean and sustainable energy
resources, hydrogen energy from water splitting using sunlight
has become even more important in the context of environ-
mental problems and energy crisis caused by the dominant
consumption of fossil fuels."? The design of highly efficient and
robust photocatalysts responsive to visible light is the prereq-
uisite for ideal photocatalytic conversion.>* Graphitic carbon
nitride (g-C3N,), a promising metal-free photocatalyst, has
triggered great interest due to its easy synthesis, outstanding
physicochemical stability, appropriate optical bandgap, and
earth-abundant sources.>® Typical synthetic routes of g-C;N,
depend on the thermal polymerization of melamine, dicyana-
mide, urea and other C/N/H-containing precursors, producing
2D layered carbon nitride comprising intralayer w—m conjugated
electron systems and hydrogen bonding.”® Nonetheless, the
photocatalytic performance of pristine carbon nitride is
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relatively low on account of the inherently limited lateral edges
with less access to reactants, high recombination rate of charge
carriers and insufficient light absorption.®

Until now, various strategies have been explored to improve
the photocatalytic activity of g-C3N,, and these include copoly-
merization with organic molecules," element doping,***> het-
erojunction construction,*>** and nanostructure
engineering.”>'* Among these methods, the nanostructure
engineering approach has been widely considered as an effi-
cient measure owing to its merits of improved light absorption,
promoted diffusion kinetics, and increased specific surface
areas. By means of hard and soft templates, numerous nano-
structures with different morphologies, such as mesoporous
nanoarchitectures,’”” hollow nanospheres,’® and nanorod
arrays," have been developed. Although tailoring the structure
and porosity with the assistance of sacrificial templates is flex-
ible and versatile, the hazardous chemical etchants and toxic
gases accompanying the removal of templates restrict the
practical use. Besides, residual carbon and impure organics
after calcining soft templates may cause detrimental side
effects. Consequently, more attention has been paid lately to the
introduction of template-free methods, which are efficient
strategies to yield porous g-C;N,, and these include the tradi-
tional  self-assembled  supramolecular  preorganization
approach and variation of the reaction parameters and reaction
medium without templates.”® The simplest template-free

This journal is © The Royal Society of Chemistry 2019
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approach is the exfoliation of bulk g-C3N, via hydrothermal
treatments to yield porous g-C;N, with thin layers, which is
inspired by the delamination of graphene.** Very recently, Xie
et al.”> employed the hydrothermal method combined with the
use of ammonium chloride to produce a semicrystalline
heptazine-based melon with abundant order-disorder inter-
faces, resulting in boosted exciton dissociation. Yu et al.*
demonstrated that the post-hydrothermal treatment of bulk g-
C;N, can promote local spatial charge separation and proton
activation for polymeric carbon nitride by surface hydroxyl-
ation. Apparently, the post-treatment strategy shows great
promise for improving the photocatalytic performance of bulk
2-C3;N, by modifying its surface features and microstructure* >’
and thus, more investigations need to be conducted.

In the current work, an NH,NO;-aided hydrothermal post-
treatment was explored for the first time for modifying bulk g-
C;3N, derived from melamine to produce a novel hierarchical
structure with vertical slices. The effects of the addition amount
of NH,NO; and the hydrothermal duration on the morphol-
ogies and microstructures were investigated, and the optimal
process conditions for preparing the hierarchical structure were
obtained. Furthermore, the formation mechanism of the
vertical slices was elucidated. Moreover, the optical and pho-
toelectrochemical properties of the obtained hierarchical
structure were measured together with evaluation of its photo-
catalytic activity. It was found that compared with the structure
of bulk g-C;N,, the hierarchical structure with vertical slices
possessed an enlarged specific surface area as well as better
charge carrier diffusion, thereby leading to improved photo-
catalytic hydrogen evolution. This work sheds light on the
design and modification of polymeric carbon nitride for
producing a hierarchical porous microstructure.

2 Experimental section
2.1 Sample preparation

Preparation of bulk carbon nitride. Bulk carbon nitride was
synthesized by the thermal polymerization of melamine (Sino-
pharm Chemical Reagent CO., Ltd.) at 600 °C with a ramp rate
of 10 °C min~" for 10 h. The obtained product was fully ground
into powder using an agate mortar and denoted as BCN.

Preparation of hierarchical g-C;N, structure with vertically
aligned slices. BCN was hydrothermally treated in the presence
of NH,NO; to prepare hierarchical g-C;N, structures (Scheme
1). In a typical procedure, 0.2 g of as-prepared BCN and 1.2 g of
ammonium nitrate (Guangzhou Chemical Reagent Factory)
were added to 16 mL of distilled water, followed by thorough
mixing. The obtained mixture was sealed in a Teflon-lined
stainless steel autoclave, placed into an oven and maintained
at 160 °C for 24 h. After cooling down to room temperature, the
product was collected by centrifugation, washed with water for
several times, and finally dried in a vacuum oven; it was denoted
as H-CN. Besides, a sample was also prepared via the hydro-
thermal treatment of BCN in the absence of ammonium nitrate
and it was named BCN-ht. Furthermore, 0.2 g of the as-prepared
BCN was mixed with 0.801 g of NH,CI or 1.274 g of NaNO;
added in 16 mL of distilled water, followed by the hydrothermal
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treatment at the same process conditions to obtain two
samples.

Moreover, to investigate the effect of the addition amount of
ammonium nitrate, 0.2 g of the as-prepared BCN was mixed with
different amounts (0.4, 0.8, or 1.6 g) of ammonium nitrate, fol-
lowed by the hydrothermal treatment at 160 °C for 24 h. The
obtained samples were weighed and named as CNy4 4, CNpg ¢
and CN, ¢ .. In addition, several samples were prepared from the
mixture consisting of 0.2 g of the as-prepared BCN and 1.2 g of
ammonium nitrate by the hydrothermal treatment at 160 °C for
different durations (8, 16, or 32 h), which were designated as CN-
8, CN-16, and CN-32, respectively. To investigate the influence of
hydrothermal temperature, several samples were prepared from
the mixture consisting of 0.2 g of the as-prepared BCN and 1.2 g
of ammonium nitrate by the hydrothermal treatment for 24 h at
different temperatures (120, 140, and 180 °C).

2.2 Characterizations

The X-ray diffraction (XRD) patterns were recorded by a Rigaku
D/max-2200 V diffractometer with Cu Kol radiation. The low-
angle XRD patterns were obtained using Ni-filtered Cu Ko
radiation on a Rigaku D/max-3A diffractometer. Fourier trans-
form infrared (FT-IR) spectra were measured using a Bruker
Vector 33 FT-IR spectrometer with KBr as a reference sample.
3¢ solid-state nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker Avance III 600 spectrometer. The
morphologies of the samples were determined using field
emission scanning electron microscopy (SEM, Hitachi SU8220)
and transmission electron microscopy (TEM, JEOL JEM-2100F).
The surface composition and chemical state were analyzed on
an ESCALab220i-XL electron spectrometer from VG Scientific
using 300 W Al Ko radiation. The binding energies were refer-
enced to the C 1s line at 284.6 eV from adventitious carbon.
Elemental analysis for carbon and nitrogen was carried out on
a vario EL cube elemental analyzer. The UV-Vis diffuse reflec-
tance spectra (DRS) were obtained using a Hitachi U-3010 UV-
Vis spectrophotometer with an integrating sphere using
BaSO0, as a reference sample. Photoluminescence (PL) emission
spectra were obtained using a Hitachi F-4600 fluorescence
spectrometer with the excitation wavelength of 370 nm. Time
resolved fluorescence measurements (FLS 980, Edinburgh
Instruments, UK) were employed to detect the fluorescence
lifetimes of the samples. Specific surface areas and pore
distribution were evaluated by using the BET method at 77 K (N,
absorption-desorption isotherms, ASAP 2020, Micromeritics).

Ammonium nitrate O~
: )‘o:./) >>.:a
Hydrothermal i

‘| treatment

Scheme 1 Schematic illustration of the synthesis of the vertical edge
carbon nitride (H-CN) (the blue balls, grey balls and red balls
represent N atoms, H atoms and O atoms, respectively).
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Solid electron paramagnetic resonance (EPR) signals were
acquired using a Bruker model A300 spectrometer at room
temperature.

2.3 Evaluation of photocatalytic H, evolution performance

The photocatalytic hydrogen production experiments were
performed in a reactor with a quartz glass lid and a sealed glass
gas circulation system. A 300 W Xe lamp (Microsolar 300, Bei-
jing PerfectLight Technology Co., Ltd) with a 420 nm cutoff filter
served as the visible light source, and H,PtCl (Pt, 0.2 wt%) was
employed as a precursor of cocatalyst. Then, 50 mg of each
catalyst was dispersed in 100 mL of 10 vol% triethanolamine
aqueous solution. Before irradiation, the suspension and the
gas circulation were degassed for 1 hour, and the reactor was
kept at 278 K by flowing cooling water during the photoredox
reaction. The amount of generated hydrogen was quantitatively
analyzed every hour by an online gas chromatograph (GC7600,
Tian Mei) equipped with a thermal conductive detector and
nitrogen as carrier gas.

2.4 Photoelectrochemical measurements

Photoelectrochemical measurements were conducted in
a conventional three-electrode cell system, in which a piece of Pt
sheet and an Ag/AgCl electrode were used as the counter elec-
trode and reference electrode, respectively. The working elec-
trode was fabricated by coating the as-prepared catalyst slurry
onto a piece of clean FTO glass using a doctor-blading tech-
nique, followed by annealing at 150 °C for 2 h. The light ON/OFF
photocurrent response was conducted by a 300 W Xe lamp with
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a 420 nm cutoff and recorded every 10 seconds. The Mott-
Schottky curves were gauged at frequencies of 8, 10 and 12 kHz
in 0.5 M Na,SO, aqueous solution.

3 Results and discussion
3.1 Morphology and formation mechanism

BCN was hydrothermally treated in the presence of ammonium
nitrate, and the obtained samples exhibited some changes in
morphology, as observed from the SEM images in Fig. 1. BCN
showed chunk morphology with very smooth surfaces and
edges (Fig. 1A), while BCN-ht obtained from the hydrothermal
treatment in the presence of only water broke into smaller
pieces with a rough surface and many holes (Fig. 1B). Interest-
ingly, unlike BCN and BCN-ht, H-CN consisted of many vertical
slices with thicknesses in the range of around 100-200 nm
(Fig. 1C and D), which seemed to grow on the bulk sheet of BCN.
It can be inferred that these vertically aligned slices may provide
more active sites and shorter diffusion length from the interior
to edges and reactants for photogenerated carriers, which
favored photocatalytic surface reactions. The differences in
morphologies between BCN-ht and H-CN implied that the
growth of the vertical slices is related to the presence of
ammonium nitrate in the hydrothermal treatment system. This
can be further verified by the SEM images (Fig. S11) of the
samples obtained from the hydrothermal treatment in the
presence of different amounts of NH,;NO;. Only a few vertical
slices were formed when 0.4 g of NH,NO; was added, and their
number increased as the NH,NO; content was increased from

Fig.1 SEM images of BCN (A), BCN-ht (B) and H-CN (C and D).
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0.4 g to 0.8 g. With further increase in the amount of NH,;NO;
from 1.2 g to 1.6 g, the slices became thicker.

Furthermore, as seen in the TEM images in Fig. 2A and B,
BCN is a compact solid and BCN-ht turns into a porous struc-
ture. After the hydrothermal treatment aided by ammonium
nitrate, H-CN showed a holey structure with the vertical slices
perpendicular to the bulk sheet of BCN (Fig. 2C-E), which was
in accordance with the above SEM observations. Mesopores can
be clearly observed in the TEM image, as displayed in Fig. S2.}
As shown in Fig. 2F, the HR-TEM image of H-CN displays the
characteristic spacing of 0.322 nm, which can be indexed to the
(002) lattice plane. From the SAED (selected area electron
diffraction) pattern (the inset of Fig. 2F), three bright diffraction
rings can be clearly observed, revealing the relatively high
crystallinity of H-CN. The elemental mappings (Fig. S3t)
confirmed that both C and N are present and homogeneously
distributed.

In order to elucidate the formation mechanism of H-CN,
BCN was also hydrothermally treated in the presence of
NH,NO; (1.2 g) at 160 °C for different durations. The SEM
images of the obtained samples are shown in Fig. S4.1 As the
hydrothermal duration was increased from 8 h to 16 h, a few
vertical slices were observed. However, with further increase in
hydrothermal duration from 24 h to 32 h, the vertical slices
disappeared and a loose microstructure was formed instead.
These results indicated that the hydrothermal treatment dura-
tion plays a significant role in the formation of the vertical sli-
ces. Moreover, BCN was also hydrothermally treated at 160 °C
for 24 h in the presence of NH,Cl or NaNO; at the same molar
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concentration as that of NH,NO;, and the obtained samples
were observed using SEM as well. Neither of the two samples
consisted of vertical slices (Fig. S5t). These results suggested
that both NH," and NO;~ are needed for generating vertical
slices during the hydrothermal treatment of BCN.

Based on the aforementioned results, the formation mech-
anism of the hierarchical g-C;N, structure can be speculated as
follows. Please note that NH,;NO; has strong acid-weak basic
character. The addition of NH,NO; to the hydrothermal treat-
ment system could create an acidic aqueous environment with
pH value of 4.96 (Fig. S67T). It has been reported that N atoms in
the triazine ring change from original hydrogen bonding
accepting sites into hydrogen bonding donating sites under
acidic conditions (pH = 2.0-5.1).>® The protonated N atoms in
the triazine ring thus can form hydrogen bonds and electro-
static interactions with oxoanions such as NO; ™, where three
oxygen atoms act as hydrogen bonding acceptors.” Conse-
quently, in the hydrothermal system containing NH,NOj3, the N
atoms in the surface triazine ring of BCN could bond with NO;™
to form the vertical slices. This mechanism can be verified by
two contrasting experiments by replacing NH,NO; with NH,Cl
or NaNO;. NH,CI cannot provide NO;~ for bonding with the N
atoms in the surface triazine ring of BCN though it also has the
strong acid-weak basic character. Although NaNOj; can provide
NO;, it cannot create an acidic aqueous environment due to its
strong acid-strong basic character. As a result, no vertical slices
were found on the two samples prepared from the hydrothermal
treatment systems containing NH,CIl or NaNO;. Moreover, the
weights of the samples prepared from BCN by the hydrothermal

Fig. 2 TEM images of BCN (A), BCN-ht (B) and H-CN (C-F) ((D and E) enlarged view and side view; (F) HRTEM image; the inset in (F) SAED

pattern).

This journal is © The Royal Society of Chemistry 2019
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(A) N, adsorption—desorption isotherms (inset: the corresponding BJH pore-size distribution curves), (B) low-angle powder XRD

diffraction patterns, (C) XRD patterns, and (D) the corresponding enlarged (002) peak of the XRD patterns of BCN, BCN-ht and H-CN.

treatments under different conditions could also provide
evidence that NO;~ was involved in the hydrothermal reaction.
As listed in Table S1, the weights of the samples increase with
the addition of NH,NO;.

3.2 Microstructures

The pore distribution and BET surface area of the as-prepared
samples were analyzed by N, adsorption-desorption
isotherms at 77 K. As shown in Fig. 3A, H-CN exhibits typical IV
isotherms with characteristic capillary condensation as a result
of a large amount of mesopores. Specifically, the isotherms of
H-CN displayed an H3-type hysteresis loop, suggesting the
presence of slit-like pores owing to the overlapping of plate-like
nanosheets.® Moreover, the addition amount of NH,NO; has an
effect on the BET surface area of the obtained samples. When
no NH,NO; was added, BCN-ht exhibited BET surface area of
82.9 m* g~ '; for the sample obtained at the NH,NO; loading of
0.4 g, its BET surface area significantly decreased to 74.1 m*g .
The BET surface areas of the samples obtained with different
amounts of NH,NO; were 65.1 m”> g~ * for 0.8 g, 64.1 m> g~ for
1.2 g and 63.7 m” g~ ! for 1.6 g, indicating just slight decreases
in BET surface areas of the three samples. These variations in
BET surface areas were related to the formation of the vertical

4408 | RSC Adv., 2019, 9, 4404-4414

slices during the hydrothermal treatment. For BCN-ht, due to
the hydrothermal treatment only using water, its BET surface
area increased from 24.1 m”> g~ for BCN to 82.9 m> g~ '. This
increase in BET surface area was attributed to its loose micro-
structure, which originated from the etching effect of the
hydrothermal treatment.”* When NH,NO; was added into the
hydrothermal system, NO; ™~ could bond with the N atoms of the
surface triazine ring of BCN to form vertical slices. The gener-
ation of the vertical slices was responsible for the decrease in
BET surface area. As the amount of NH,NO; was increased from
0.4 to 0.8 g, significant decrease in BET surface area occurred,
corresponding to more generated slices, as shown in Fig. S1.} In
addition, the corresponding pore size distribution plot (the
inset of Fig. 3A) was derived from the adsorption branches of
the isotherms by using the Barrett-Joyner-Halenda (BJH)
method; it shows distribution over the range of 2-14 nm. The
differences in pore size distributions between BCN and BCN-ht/
H-CN implied that hydrothermal treatments favor the genera-
tion of mesoporous structures. Moreover, H-CN retained
a higher sharp peak as compared to those of BCN and BCN-ht,
implying its more uniform mesoporous network.*>** The
microstructures of these samples could be further characterized
by their low-angle powder XRD diffraction patterns. As shown in

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) Solid-state *C NMR spectra; XPS spectra of (B) survey, (C) high resolution C 1s, and (D) N 1s of BCN, BCN-ht and H-CN.

Fig. 3B, unlike BCN and BCN-ht, H-CN shows a strong diffrac-
tion peak at 0.637° with d-spacing of 13.9 nm, indicating the
existence of mesopores with well-ordered structures.*

Fig. 3C shows the XRD patterns of BCN, BCN-ht and H-CN.
All three samples exhibit two typical diffraction peaks located
at 13.0° (100) and 27.6° (002), representing the in-plane struc-
tural packing of heptazine motifs and interlayer periodic
stacking of conjugated aromatic systems, respectively.*> On one
hand, the low angle reflection peaks at 13.0° (100) for H-CN and
BCN-ht were the same as that for BCN, implying that their in-
plane structural packing of heptazine motifs was well retained
after the hydrothermal treatments with or without NH,NO;. On
the other hand, in comparison to BCN, BCN-ht and H-CN
showed a slight shift of the (002) peak from 27.5° to 27.7°
(Fig. 3D), revealing the decrease in the gallery distance between
the adjacent layers. It has been reported that the predominant
transport channel of charge carriers is perpendicular to inter-
planar sheets in 2D network polymeric carbon nitrides.**** Due
to closer stacking, the diffusion length along the interplanar
channels is shorter and may further benefit the electron
mobility and charge separation efficiency.®® Moreover,
compared with BCN and BCN-ht, H-CN exhibited narrower
width of the (002) diffraction peak, suggesting its enhanced
crystallinity, which was consistent with the result of SAED

This journal is © The Royal Society of Chemistry 2019

analysis. Furthermore, a new peak located at 10.7° was found in
the XRD patterns of BCN-ht and H-CN, which may originate
from the extended distance of partial intraplanar packing
motifs and more short-range atomic order as a result of the
hydrothermal process.**

Solid-state **C nuclear magnetic resonance was also used to
identify the chemical states and structural differences of
samples. Fig. 4A presents two distinct peaks at approximately
165 and 157 ppm for BCN, BCN-ht and H-CN, which are
assigned to the CN,(NH,) and CN; moieties.*” These spectra
confirm the formation of a poly(tri-s-triazine) structure.
Compared with the observations for BCN, the broadened
signals of high and low fields for BCN-ht and H-CN indicate
increased structural disorder resulting from the hydrothermal
treatment. Furthermore, it could be found that the signal at
165 ppm of H-CN shifted to higher field relative to that of BCN-
ht, which was attributed to fewer NH, species and additional O
atoms in the system.*

The chemical compositions and elemental valence states
were investigated by XPS. As shown in Fig. 4B, XPS survey
spectra of BCN, BCN-ht and H-CN contain three typical peaks at
288.1, 397.5, and 531.6 eV, corresponding to C, N and O. The O
1s signal might be ascribed to C-O and O-H originating from
absorbed CO, and H,0 molecules, respectively, on the surface

RSC Adv., 2019, 9, 4404-4414 | 4409
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Fig. 5 (A) UV-Vis diffuse reflectance spectra and Tauc plot (inset), (B)

photoluminescence (PL) spectra, (C) time-resolved transient PL decay

spectra under each excitation wavelength, and (D) room-temperature solid-state EPR spectra of BCN, BCN-ht and H-CN.

of the samples.*>** All samples showed similar binding ener-
gies of C 1s and N 1s, demonstrating the presence of basic tri-s-
triazine units, except for a slight shift caused by their different
surface electronic states.® As shown in the C 1s spectra in
Fig. 4C, the peaks located at 288.1 and 285.0 eV can be
assigned to N-C=N and C=C, respectively.** Compared with
BCN, BCN-ht showed decrease in the peak area ratio of
N-C=N and C=C from 6.81 to 5.68. For H-CN obtained from
the hydrothermal treatment in the presence of NH,NOj;, the
peak area ratio of N-C=N and C=C further increased to 7.56,
implying the existence of fewer graphitic carbon species. The
high-resolution N 1s spectra of BCN, BCN-ht and H-CN consist
of four main peaks centered at 398.4, 398.8, 400.4 and 404.7 eV
associated with C=N-C, N-(C)3, N-H and charge effect,
respectively (Fig. 4D).** Quantitative analysis of XPS data
revealed that the surface C/N molar ratio of H-CN (0.696) was
much smaller than 0.850 of BCN and 0.847 of BCN-ht (Table
S2%). Furthermore, the C/N molar ratios of these samples were
also obtained by elemental analysis. As listed in Table S3,1 H-
CN has C/N molar ratio of 0.647, which is just slightly smaller
than 0.656 of BCN and 0.649 of BCN-ht. These results sug-
gested that the differences in the C/N molar ratios of the three

4410 | RSC Adv., 2019, 9, 4404-4414

samples only exist in their surfaces rather than the whole
samples.

3.3 Optical and photoelectrochemical properties

To examine the optical absorption of the as-prepared samples,
their DRS spectra were obtained. As shown in Fig. 5A, the light
absorptions of both BCN-ht and H-CN display a blue-shift
relative to that of BCN mainly owing to the quantum size
effect resulting from the hydrothermal top-down methods.****
In addition, an increased absorption band in the visible-light
region was found for H-CN, which may be caused by the
introduced carbon vacancies and multiple light reflections of
the porous structure.** Based on the DRS spectra, the band gaps
of all the samples were acquired using the Kubelka-Munk
method (o« = hw = A(hw — Eg)", n = 2).° As shown in the inset of
Fig. 5A, H-CN and BCN-ht exhibit band gap of around 2.89 eV,
which is larger than 2.87 eV of BCN.

The radiative recombination of charge carriers was studied
using the photoluminescence (PL) spectra, as shown in Fig. 5B.
Compared to BCN, BCN-ht and H-CN exhibit a blue shift in
emission, which is consistent with their band gap values. More

This journal is © The Royal Society of Chemistry 2019
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12 kHz).

significantly, unlike the slightly increased emission for BCN-ht,
a much lower intensity of the PL peak was observed for H-CN
compared to that for BCN, suggesting its remarkably sup-
pressed photo-generated electron-hole recombination.*® This
phenomenon may be due to the formation of vertical slices as
well as enhanced crystallinity of H-CN. A slight increase in PL
emission for BCN-ht may be attributed to some structural
defects generated by the hydrothermal treatment in the pres-
ence of only water,* which can serve as charge recombination
centers. Moreover, the PL emission intensity varied with the
amount of NH,NO;, and the lowest emission intensity was
achieved by H-CN obtained from the hydrothermal treatment
system containing 1.2 g of NH,NO; (Fig. S71).

Furthermore, time-resolved fluorescence spectra obtained at
the corresponding wavelengths of emission peaks provide
quantitative information regarding the photo-generated charge
carrier lifetimes of the samples. As shown in Fig. 5C, the curves
can be fitted well to a double-exponential decay function. Table
S47 lists the average lifetimes and the % contribution deter-
mined from the fitting PL decay data. In detail, the short life-
times were 2.08, 1.33 and 1.56 ns and the long lifetimes were
7.24, 4.80 and 5.96 ns for BCN, BCN-ht and H-CN, respectively.
Clearly, the two samples obtained from the hydrothermal

This journal is © The Royal Society of Chemistry 2019

treatments showed decreased singlet exciton lifetimes relative
to BCN mostly due to their enhanced crystallinity.>® However,
compared with BCN-ht, H-CN obtained with the assistance of
ammonium nitrate possessed a prolonged radiative lifetime,
which was associated with its improved separation efficiency of
charge carriers.”” It can be inferred that the photogenerated
carriers of H-CN possess higher possibility to participate in
photocatalytic reactions before the combination.*

Moreover, the electronic delocalization and charge transfer
properties of the samples were examined by EPR. As shown in
Fig. 5D, all samples exhibit a single Lorentzian line with g value
of 2.04 in a magnetic field ranging from 3460 to 3545 G, which is
derived from the delocalized unpaired electrons on aromatic -
conjugated systems.*> A decreased EPR signal for BCN-ht was
found as compared to that of BCN, which was consistent with its
enhanced PL emission. More recombination could lead to
reduction in electron pairs. Significantly, compared to BCN and
BCN-ht, H-CN exhibited an enhanced EPR signal, revealing its
higher concentration of lone electron pairs that favored the
photocatalytic process.

In addition, the samples were fabricated into electrodes, and
their photoelectrochemical properties were measured. As
plotted in Fig. 6A, the onset potential of H-CN is more positive

RSC Adv., 2019, 9, 4404-4414 | 4411
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than those of BCN and BCN-ht, and it exhibits rapid increase in
the cathodic current with the applied negative voltage. It was
revealed that H-CN could trigger redox reactions more easily,
potentially benefiting its photocatalytic activity.*® It can be seen
from the EIS Nyquist plot (Fig. 6B) that H-CN exhibits a much
smaller arc radius, indicating reduced electric resistance and
faster interface charge transport.* Moreover, as shown in
Fig. 6C, the transient photocurrent of H-CN is nearly 1.5-fold
and 3.8-fold higher than those of BCN and BCN-ht under
a negative bias voltage (—0.1 V vs. Ag/AgCl), demonstrating that
H-CN possesses higher density of photogenerated electrons and
holes.*® Besides, the reproducible response of photocurrent
during the repeatedly switched ON/OFF cycles of intermittent
irradiation suggested good photoelectrochemical stability for
as-prepared samples. Fig. 6D displays the Mott-Schottky curves
for H-CN at different frequencies of 8, 10, and 12 kHz, where the
positive slopes demonstrate its n-type feature.”” From the
extrapolated x-axis intercept, the flat band potential of H-CN
was about —0.67 V with reference to the Ag/AgCl electrode;
BCN and BCN-ht exhibited flat band potentials at —0.60 V and
—0.64 V, respectively, as shown in Fig. S8.7 The downshift of the
conduction band for H-CN indicated a promoted thermody-
namic driving force for the reduction reactions.*
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3.4 Photocatalytic hydrogen evolution performance

The photocatalytic performance of the as-prepared g-C;N,
samples was investigated through photocatalytic hydrogen
evolution in triethanolamine aqueous solution under visible-
light illumination (A > 420 nm) and 0.2 wt% Pt serving as the
co-catalyst. As shown in Fig. 7A, BCN and BCN-ht exhibit HER
values of 443.9 and 150.7 pmol h™" g™, respectively. Signifi-
cantly, H-CN presented a significantly enhanced H, evolution
rate of 1817.9 umol h™* g~', which was 4.1 and 12.1 times
higher than those of BCN and BCN-ht. Moreover, HER values
varied with the amount of NH,NOj3; this trend was consistent
with that of PL emission intensity (Fig. S71). It can be inferred
that the recombination of the photogenerated carriers plays
a critical role in affecting the hydrogen evolution reaction. The
highest HER of H-CN was associated with its lowest PL emis-
sion. The lowest HER of BCN-ht was attributed to the loss of the
amino groups originating from the interaction between g-C;N,
and water during the hydrothermal process, which was disad-
vantageous for the photocatalytic activity.® It was revealed that
the formation of vertical slices with high crystallinity on the
surface greatly improved the photocatalytic activity of H-CN
because of more exposure of active reaction sites and
enhanced charge carrier transfer. In addition, the effect of the

This journal is © The Royal Society of Chemistry 2019
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hydrothermal temperature on the photocatalytic activity of the
obtained samples was also investigated. As displayed in
Fig. S9,T the sample prepared at 160 °C exhibits the highest
HER.

Fig. 7C presents the wavelength dependence of HER on H-
CN. It was clear that HER of H-CN mostly matched its DRS,
indicating that the HER reaction was indeed driven by light
absorption. To evaluate the stability and durability of H-CN, the
time course of HER reaction was monitored, as shown in
Fig. 7D. After four consecutive runs (16 h), there was no
significant decrease in the photocatalytic performance under
the same conditions, verifying the excellent stability of photo-
catalytic hydrogen production for H-CN. This observation was
further confirmed by SEM and TEM images of the used H-CN, as
shown in Fig. S10.7 No significant change in the microstructure
was found for H-CN, and the edge-on lamellas on the surface
could be clearly observed; this suggested that H-CN possessed
good structural stability.

4 Conclusions

In summary, a hierarchical g-C;N, nanostructure with vertically
aligned slices was synthesized by the ammonium nitrate-
assisted hydrothermal post-treatment. In comparison with
pristine graphitic carbon nitride, the as-obtained H-CN sample
possessed a large specific surface area and more active sites. In
particular, the separation efficiency of electron-hole pairs was
promoted, as revealed by transient photocurrent, linear sweep
voltammetry, electrochemical impedance spectra, and photo-
luminescence. The photocatalytic hydrogen evolution rate
measured for H-CN under visible light was 1817.9 umol h ™" g,
which was 4.1 and 12.1 times higher than those of BCN and
BCN-ht. The present work provides a promising approach for g-
C;N, modification in application of solar to energy conversion
systems.
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