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Abstract: Polymeric carbon nitride is a fascinating visible-light-response metal-free semiconductor
photocatalyst in recent decades. Nevertheless, the photocatalytic H, efficiency is unsatisfactory
due to the insufficient visible-light harvesting capacity and low quantum yields caused by the
bulky structure seriously limited its applications. To overcome these defects, in this research, a 3D
hierarchical pancake-like porous carbon nitride (PPCN) was successfully fabricated by a facile
bottom-up method. The as-prepared photocatalyst exhibit enlarged surface area, enriched reactive
sites, improved charge carrier transformation and separation efficiency, and expanded bandgap
with a more negative conduction band towardan enhanced reduction ability. All these features
synergistically enhanced the photocatalytic H, evolution efficiency of 3% Pt@PPCN (430 pmol g~ h™1)
under the visible light illumination (A > 420 nm), which was nine-fold higher than that of 3% Pt@bulk
C3Ny (BCN) (45 umol g~ h™!). The improved structure and enhanced photoelectric properties were
systematically investigated by different characterization techniques. This research may provide an
insightful synthesis strategy for polymeric carbon nitride with excellent light-harvesting capacity and
enhanced separation of charges toward remarkable photocatalytic Hp for water splitting.

Keywords: pancake-like porous carbon nitride; bottom-up method; water splitting; visible light
photocatalyst

1. Introduction

With fossil fuel reserves dwindling every day, energy shortage and environmental pollution issues
have become increasingly prominent. Developing clean and renewable energy sources is urgent to
meet the sustained growth in energy demand [1-6]. Since the discovery of the Honda-Fujishima
effect in 1972 [7], photocatalytic hydrogen evolution reaction (HER) through water splitting has gained
considerable attention due to its enormous potential to convert renewable solar energy to clean
sustainable energy [8-12]. Researchers have devoted a significant amount of effort to investigate
more effective photocatalytic systems for hydrogen evolution via photocatalytic water splitting [13-16].
Among multitudinous proposed semiconductor photocatalysts, polymeric carbon nitride (CN) has
been considered promising for visible-light driven hydrogen evolution due to its tunable bandgap,
low cost, earth-abundant nature, nontoxicity, facile preparation, being environmentally benign, and its
remarkable physical and chemical stability [17-22]. Unfortunately, the photocatalytic performance of
bulky CN was severely limited, resulting from the small specific surface area, large recombination rates
of photo-excited electron-hole pairs, weak light-harvesting capacity, and inadequate catalytic active
sites [23-28]. To address these shortcomings, many strategies have been developed, such as heteroatom
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doping [29,30], electronic structure modulation [31,32], nano-structuring [33,34], dye sensitization [35-37],
and heterojunction construction [38—41]. Among them, nano-structuring is considered one of the most
efficient and accessible strategies, as the enlarged specific surface area simultaneously abundant and
quality active sites are not only favorable to the transfer of photo-excited charge carriers but also shortened
the diffusion length for both ions and electrons [42,43]. On the other hand, the nano-structuring designed
materials commonly exhibit the quantum confinement effect [24] with an enlarged electronic bandgap
would be favorable to an enhanced redox ability toward photocatalytic reaction, promoting the quality
and quantity of photo-induced charge carriers to some extent.

The nanostructural CN can be achieved by many methods. template-assistance strategies, top-down
methods, and hydrothermal approaches have been regarded as representative and impelling strategies
to fabricate multidimensional CN [44,45]. Nevertheless, these methods have many unsatisfactory
deficiencies, such as a shortage of template species, large time consumption, and being environmentally
unfriendly, resulting from the introduction of hazardous reagents, challenging the removal of the
byproducts [46,47]. In contrast, the highly efficient photocatalysis materials benefited from the improved
structure and accelerated the separation efficiency of photo-induced charge carriers, which is relatively
convenient to obtain by a facile bottom-up method [48,49].

Porous carbon nitride as a photocatalyst was introduced by Kang et al. Nevertheless, the material
showed undesirable photocatalytic performance with a poor quantum efficiency of ~0.5%. Rahman et al.
improved it to some extent, which reached a benchmark quantum efficiency of ~6% [50,51].
The synthesized photocatalyst exhibited similar structure compared to that synthesized by Rahmanetal.
While the PPCN presented a higher quantum efficiency of ~19%.In this work, we report a low-cost and
straightforward bottom-up method for the production of hierarchical pancake-like porous carbon nitride,
the typical synthesis procedure is presented in Scheme 1. Typically, the cyanuric acid-melamine complex,
which is suitable for controlling molecular self-assembly [52], was firstly synthesized. Then, ethanol
and glycerol intercalated into the framework of the precursor. Next, a thermal-induced exfoliation and
polycondensation process was performed to obtain the resultant products. The as-synthesized PPCN
exhibited unique hierarchical pancake-like porous morphology structure and remarkable photoelectric
properties. As expected, by virtue of an enlarged specific surface area up to 79.663 m?g~!, enhancing the
light-harvesting capacity, and enriching the reactive sites, the hierarchical porous architecture revealed a
highly efficient photocatalytic H, evolution efficiency for water splitting under visible light irradiation
(A = 420 nm), which is about nine-fold higher than that of the bulk carbon nitride (BCN). Various
characterization approaches were performed to investigate the typical structure formation mechanism
and the photoelectric properties of PPCN for the remarkably enhanced hydrogen evolution efficiency.
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Scheme 1. Schematic illustration of hierarchical pancake-like porous C3Ny4 formation.
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2. Results and Discussion

2.1. Morphology and Structure Characterization

The morphologies of BCN and PPCN were investigated via SEM and TEM. It can be seen that BCN
appears as a large solid block material (Figure 1a) with seriously agglomerated structure. The light
absorption, charge transport, and mass immigration were severely restrained owing to this bulky
structure. In contrast, a 3D hierarchical pancake-like porous carbon nitride (Figure 1b—d) exhibited the
opposite morphology with an enlarged dimension and abundant pores, which is greatly favorable for
the dispersion and diffraction of the light toward the enhanced light absorption capacity. Meanwhile,
TEM images (Figure le—g) displayed the mesoporous and lattice distance (Figure 1h) of 0.348 nm.

Figure 1. (a) SEM image of BCN, (b—d) SEM images of PPCN, (e-g) TEM images, and (h) lattice distance
pattern of PPCN.

The structure can be exfoliated into hierarchical porous architecture and generated abundant pores
using a suitable hybrid of alcohol and glycerol as the imbedding reagents which supporting abundant
gas at the polycondensation process, leading to a hierarchical pancake-like porous architectural carbon
nitride formation. N, adsorption/desorption isotherms (Figure 2a) was performed to prove this unique
structure. The calculated BET specific surface area of PPCN is 79.663 m?g~!, which is seven-fold
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higher than that BCN (10.643 m?g~!). Meanwhile, the peak intensity centered at 37.2 nm in BJH pore
distribution curves of PPCN sample (Figure 2b) also exhibited a larger value than BCN implying an
abundant nanoporosity.
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Figure 2. (a) N, adsorption-desorption isotherm curves and (b) BJH pore size distribution curves of
BCN and PPCN.

The XRD patterns of PPCN is shown in Figure 3a. Compared to the BCN, PPCN presented a broader
and weaker diffraction peak located at 27.2° (002), which is originated from the stacking reflection
of interlayer toward a reduced dimension structure [53]. Meanwhile, the peak at 12.9°, ascribed
to the repeats in the plane of tri-s-triazine unit could hardly been observed owing to the abundant
pores in the interface. Fouriertransform infrared (FT-IR) spectroscopy (Figure 3b) demonstrates that
the PPCN possessing a similar chemical structure with BCN. The 810 cm™! peaks are characteristic
signal of triazine unit, and the peaks ranges from 1200 to 1600 cm™! is corresponding to the C-N
heterocycles. In addition, the broad band peaks located at 3000-3600 cm™! were contributed to-NH
stretching vibrations [54]. It is notably that the terminal-NH absorption peak at 3000-3600 cm™! of
PPCN vibrate more strongly compared to that of BCN, which can be attributed to the difference in the
crystal structural between BCN and PPCN.

X-ray photoelectron spectroscopy (XPS) was further performed to investigate the composition and
chemical states of BCN and PPCN. As can be seen in Figure 3¢, the presence peaks of C, N, and O
are found both in the PPCN and BCN. It should be noted that the higher intensity of O 1s signal of
PPCN is easy for the absorption of water and CO, due to the hierarchical porous architecture structure.
The corresponding high-resolution spectra of C 1s, N 1s, Ols are shown in Figure 3d—f, respectively.
The C 1s XPS spectrum revealed three peaks, which can be ascribed to the adventitious carbon species
(284.4 eV) [55], C-NHy species on the edges of aromatic rings (286.03 eV) [56], and the sp?>-hybridized C
atom in N==C(-N); (288.0 eV) [57], which is consistent with that of BCN. The intensity of the sp>-bonded
carbon of PPCN was increased compared to the BCN may be attributed to the loss of lattice nitrogen.
The N 1s XPS signals can be deconvolved into three peaks at398.46, 399.75, and 400.93 eV, which
originated from the sp?-hybridized N attached to C-N=C groups, bridging N in N-(C)3 groups, and the
amine functional groups (C-N-H), respectively [58,59]. Additionally, the O 1s spectra can be divided
into two peaks located at 532.68 and 530.71 eV, which belongs to the adsorbed water and CO, [60].
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Figure 3. (a) XRD and (b) FI-IR spectra of BCN and PPCN, Survey and high-resolution XPS spectra of
BCN and PPCN, (c) survey, (d) C 1s, (e) N 1s, and (f) O 1s of BCN and PPCN.

2.2. Photoelectric Property

UV-VIS diffuse reflectance (DRS) was used to assess the optical absorption properties of BCN
and PPCN. Figure 4a indicates that BCN has an absorption edge at 460 nm. Compared with BCN,
the PPCN edge shows apparent blue shift, indicating the increase in band gap of semiconductors
caused by the quantum confinement effect. The bandgaps for PPCN and BCN were 2.97 and 2.80 eV
according to the Kubelka-Munk function [61] (Figure 4b). Consequently, the enlarged bandgap of
PPCN would endow the photo-induced electrons and holes with relatively stronger redox abilities
toward photocatalytic reactions. The energy band structure of materials can be determined by the
conduction band or valence band together with the band gap. In this article, we use the valence band
to estimate the conduction band position [62]. The valence band (VB) in Figure 4c of BCN and PPCN
was obtained by the XPS valence band spectra. From the band gap date in Figure 4b, the valence band
potentials of PPCN and BCN were 1.98 and 2.30 eV vs. NHE, respectively. Finally, the energy band
structure was depicted in Figure 4d. Obviously, the more negative conduction band levels of PPCN
would contribute to a more powerful e~ reduction ability owing to the more negative CB.
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Figure 4. (a) UV-VIS DRS spectra and (b) Kubelka-Munk transformed function of BCN and PPCN,
(c) valence band XPS spectra, (d) energy band structure of BCN and PPCN.

The photoluminescence tests were further performed with a 325 nm excitation wavelength to assess
the separation efficiency of photo-induced electron-hole pairs. As shown in Figure 5a, PPCN presented a
lower emission intensity compared with BCN, which indicated of reduced recombination of photo-induced
electron-hole pairs in PPCN. It is apparent from this image that the absorption peak of PPCN shifted to a
lower value resulted from the quantum size confinement, which is consistent with the DRS.

The time-resolved PL decay spectra were also performed to evaluate the photo-physical
characteristics of photogenerated charge carriers of BCN and PPCN. As shown in Figure 5b, the PPCN
exhibited a slower exponential decay and fluorescence than that of BCN. T is originated from the free
excitons recombination in semiconductor and T, is ascribed to the non-illuminated recombination
of charge carriers in the surface defect states [63]. The short-lived and long-lived lifetime of charge
carriers in PPCN (1.743 and 7.595 ns) are both higher than that BCN (1.211 and 5.733 ns). Mostly,
the calculated average lifetime in PPCN was 5.089 ns which substantially exceeds 3.696 ns in BCN.
The prolonged carriers lifetime and larger percentage of long lifetime charge carriers in PPCN are
undoubtedly favorable for promoting the probability of charge carries to involve in photocatalytic
reactions. The photocurrent response can also prove this similar conclusion [64]. As depicted in
Figure 5¢, the PPCN exhibited increased photocurrent intensity than BCN during six light on—off recycles,
demonstrating a more efficient separation and transfer of photo-induced electrons. Furthermore, PPCN
exhibited a smaller charge transfer resistance (Figure 5d) than that of BCN. Therefore, the hierarchical
pancake-like porous architectural structure of PPCN is benefit to the highly efficient separation and
migration of photo-induced electron-hole pairs.
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Figure 5. (a) Fluorescence emission spectra and (b) time-resolved fluorescence excited by incident light

of 365 nm of BCN and PPCN, (c) photocurrent, and (d) EIS spectra of BCN and PPCN.

2.3. Photocatalytic Performance
Though photocatalyst based on carbon nitride without precious Pt is a trend in recent years [65-67],
platinum plays a remarkable role in photocatalytic hydrogen production due to the low overpotential
and the optimal Gibbs free energy for proton [68,69]. Figure 6a presented the HER of PPCN with
3%Pt loading under visible light (A >420 nm) using 15 vol% TEOA as electron donor. As shown
in Figure 6a, 3%Pt@PPCN had an HER of 430 umol g~ h™!, which was nine-fold higher than that
of 3%Pt@BCN (45 pmol g~! h™!). The apparent quantum yield (AQE) for the Pt@PPCN reached as
high as 19%at 420 nm (see the calculation in Supplementary Materials). Recycling production H;
evolution test of 3%Pt@PPCN was further performed to assess the reusability of photocatalyst. As can
be seen in Figure 6b, the PPCN maintained an excellent HER stability under visible light irradiation,
demonstrating the excellent structure stability of PPCN.
Overall, a rational photocatalytic HER mechanism is illustrated in Scheme 2 based on the above
results and discussions. Under visible light illumination, the electrons in the valence band (VB) of
PPCN are activated to the conduction band (CB) and then are trapped by the Pt for proton reduction.
The holes in the VB (+1.98 eV) of PPCN oxidized the sacrificial regent TEOA and converted H,O into
oxidation products (such as HyO;). The CB level of PPCN (-0.99 eV) is more negative than that of
BCN (0.50 eV), which greatly boosted the reduction capacity of the PPCN. As a consequence, benefited
from the 3D hierarchical pancake-like porous architecture, the utilization capacity of light absorption
of PPCB would be forcefully enhanced by the scattering and diffraction in the pores and vertical plane,
which significantly effective to boost the light-harvesting. More than that, the enlarged specific surface
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area offered more reactive sites and reduced the recombination rate of photogenerated h*—epairs,
boosting a highly efficient photocatalytic H, evolution reaction.
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Figure 6. (a) H, production of the BCN and PPCN with 3%Pt loading, (b) cycling H, production of 3
wt % Pt@PPCN, Reaction conditions: (a,b) purified water photocatalytic H, production with TEOA as
sacrificial under visible light (A > 420 nm), every 6 h as a period by recovering the catalyst and started
with fresh purified water.

Scheme 2. Proposed photocatalysis charge transfer mechanism of Hierarchical pancake-like porous
C3Ny in TEOA solution.

3. Experimental

3.1. Reagents

Melamine was purchased from Tianjin Damao Chemical Regent Co., Ltd. (Tianjin, China).
Phosphorous acid, glycerol, and ethanol were all supplied by Xilong Scientific Co., Ltd (Jiangsu, China).
All reagents used in this study were at least of analytic grade without further purification. DI water
was used in the whole experiment.
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3.2. Synthesis of Bulk C3Ny

In the typical procedure, 10.0 g melamine powders were placed into a crucible sealed with a cover
followed by calcinating at 550 °C for 4 h in a silica oxide tube furnace with a ramping rate of 2.5 °C/min
under N flow (99.999%, 50 mL/min). The as-obtained solid blocks were named bulk C3Ny.

3.3. Synthesis of Precursor

A total of 1.0 g melamine and 1.2 g phosphorous acid were added to 100 mL deionized water
in a magnetic stirrer kept vigorous stirring for 1h at 80 °C. Next, the solution was transferred into
Teflon-lined stainless-steel autoclave at 180 °C for 10 h. The mixture was centrifuged, washed with
deionized water for several times to obliterate the phosphorus species. Finally, the precursors were
obtained after drying at 60 °C.

3.4. Preparation of Hierarchical Pancake-Like Porous Carbon Nitride

Typically, 0.6 g precursor was refluxed with a mixed aqueous solution of 5 mLglycerol and 15 mL
ethanol for 3 h in the temperature 90 °C. Then, the powders were washed by ethanol three times and
dried at 60 °C. After that, the powders were transferred into a crucible tightly coated with a single
layer aluminum foil paper. Finally, the crucible was placed into a muffler and heated to 500 °C for 6 h
with a ramping rate of 2 °C/min to obtain the PPCN.

3.5. Characterization

X-ray diffraction (XRD, Shimadzu XRD-6100, Kyoto, Japan) was performed to identify the crystal
phase and structural variation of the samples with a Cu—Ka radiation at 40 kV and 30 mA. Scanning
electron macroscopy (SEM, Zeiss Sigma, Jena, Germany) and transmission electron microscope (TEM,
JEM-2010, JEOL, Tokyo, Janpan) images was recorded to study the morphologies of the samples.
Fourier transform infrared (FT-IR) spectra (PerkinElmer Spectrum, Waltham, USA) were recorded
to examine the surface functional groups of samples. X-ray photoelectron spectroscopy (XPS) was
conducted on thermo ESCALAB 250XI (Axis Ultra DLD Kratos AXIS SUPRA; phi-5000 versaprobe).
Nitrogen-adsorption-desorption isotherms (Quantachrome autosorb-1Q2, Quantachrome Instruments,
Florida, USA) were performed to measure the specific surface area and pore volume of the samples in
a Brunauer-Emmett-Teller (BET) method. UV-VIS diffusion reflectance spectra (DRS) of the samples
were recorded on a PerkinElmer Lambda with BaSOy as a reference. Photoluminescence (PL) spectra
were recorded with an excitation wavelength of 325 nm. The time-resolved fluorescence decay spectra
were acquired on a Hamamatsu compact fluorescence lifetime spectrometer (C11367, Quantaurus-Tau,
Hamamatsu, Japan) with 365 nm excitation wavelength and 470 nm emission wavelength.

3.6. Electrochemical Analysis

The photocurrent and electrochemical impedance spectroscopy (EIS) were investigated with
a CHI660C electrochemical workstation equipped with standard three-electrodes in 0.5 M NaySO;4
aqueous solution. Among the electrodes, Photocatalyst was deposited on the Fluorine doped Tin Oxide
(FTO) electrode and served as the photoanode. Pt wire as the counter electrode and saturated calomel
electrode (SCE) as the reference electrode. The preparation approach of photoanode was presented
as follows: 50 mg catalyst was dispersed in 100 puL ethanol to obtain a slurry. Next, the slurry was
carefully coated onto a 7 mm x 14 mm FTO conductive glass and dried in room temperature. A 500 W
Xe lamp quipped with a 420 nm cut-off filter was used as the light irradiation source. The EIS spectrum
was recorded using the PPCN as the working electrode at a potential of 0.24 V versus SCE with the
frequency ranging from 1 MHz to 0.01 Hz.
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3.7. Photocatalytic Hydrogen Evolution

Photocatalytic hydrogen production performance was performed via a sealed reactor and a
recirculated cooling water system. Typically, 25 mg of photocatalyst powder was dissolved in 80 mL
aqueous solution (68 mL 3 wt % H,PtClg solution and 12 mL triethanolamine). After that, the reactor
was degassed and illuminated 2 h under a full arc light 120 mW-cm™2 (A > 300 nm) with a 420 nm
wavelength cut off. Finally, the generated hydrogen was monitored by GC.

4. Conclusions

In summary, a 3D hierarchical pancake-like porous carbon nitride with remarkable photocatalytic
H, production efficiency was synthesized by a facile bottom-up strategy. 3 wt % @Pt/PPCN showed
430 pumol g=! h~'for photocatalytic H, production under visible light (A\ > 420 nm), which was
nine times higher than that of 3 wt % @Pt/BCN (45 umol g~! h™!). The enlarged specific surface
area, prolonged charge carriers lifetime, boosted light-harvesting and utilization capacity, and
improved charge separation and transfer efficiency are all contributed to the optimized photocatalytic
capacity. In addition, this research provides a simple and environmental-friendly approach to design
highly-efficient polymeric carbon nitride catalysts for potential applications in solar energy-driven
photocatalytic water splitting.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/77/s1.
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