Nano
esearch
2019, 12(12): 3109-3115

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-019-2562-x

Bottom-up fabrication of graphitic carbon nitride nanosheets modified
with porphyrin via covalent bonding for photocatalytic H, evolution

Shufang Tian, Sudi Chen, Xitong Ren, Ronghui Cao, Haiyan Hu, and Feng Bai (<)

Key Laboratory for Special Functional Materials of Ministry of Education, National & Local Joint Engineering Research Center for High-efficiency Display
and Lighting Technology, School of Materials Science and Engineering, and Collaborative Innovation Center of Nano Functional Materials and Applications,
Henan University, Kaifeng 475004, China

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019
Received: 25 September 2019 / Revised: 24 October 2019 / Accepted: 4 November 2019

ABSTRACT

In order to broaden the absorption range of graphitic carbon nitride, one of the common methods is to couple the well-known photosensitizer
porphyrin with graphitic carbon nitride through van der Waals weak interactions. To date, to combine porphyrin with graphitic carbon nitride
through covalent interactions has not been settled. In this work, through rational molecular design, we successfully incorporated porphyrin
into the matrixes of graphitic carbon nitride by covalent bonding via one-pot thermal copolymerization. The resultant material not only can widen
the absorption range but also possess the enlarged specific surface area and construction intramolecular heterojunctions which can contribute
to improve electron-holes separation efficiency. The resultant photocatalyst exhibited enhanced H, production rate (7.6 mmol-g™"-h™") and with
the apparent quantum efficiency (AQE) of 13.3% at 450 nm. At the same time, this method opens a way to fabricate graphitic carbon nitride

nanosheets via bottom-up strategy.
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1 Introduction

Photocatalytic H; evolution is one of the promising ways to convert
solar energy into clean and sustainable energy [1, 2]. Recent years,
numerous semiconductor photocatalysts with enhanced activity
have been developed [3-7]. Among which, the organic polymeric
semiconductor graphitic carbon nitride (g-CN) has drawn broad
attention owing to its suitable band gap for visible light response, its
chemical and thermal stability, easy preparation and low-cost [8-13].
However, its limited visible light absorption ability, high recombination
rates of photogenerated charge carriers and low specific surface area
result in unsatisfactory photocatalytic capacity. Various modification
methods have been developed to optimize its photocatalytic
performance, including heteroatoms or organic molecular doping
[14-17], nanostructure design [18-23], supramolecular assemble
[24-26], exfoliation to nanosheets [27-29] and hybrid with other
semiconductors or metal particles to form heterojunction structures
[30-35].

Inspired by its intrinsic two-dimensional structure with repeating
tri-s-triazine units bonded by amino group within in-plane direction
and weak van der Waals forces between interlayers, many efforts have
been made to fabricate two-dimensional graphitic carbon nitride
nanosheets (CNNs). The unique merits of CNNG like larger specific
surface area, enlarged bandgap and enhanced electron transport ability
along in-plane direction [36, 37] make sure CNNs as excellent
candidate for photocatalytic H. evolution. Two traditional strategies
have been developed to fabricate CNNs, one is the top-down
method which weakens the van der Waals forces between interlayers
[38-40] and another is bottom-up approach that assembles the
precursor molecules in two-dimensional patterns [41-44]. The former

methods suffered from the time-consuming or low yield; the latter
approaches were far from being fully studied. To develop new
strategy to fabricate CNNs with broaden visible light response is
meaningful and worthwhile.

Due to the excellent visible light absorption ability, porphyrins
were widely used as photosensitizers or photocatalysts in photocatalytic
reactions [45-49]. According to the former literatures, porphyrins
always coupled with g-CN through weak interactions such as n-n
stacking, hydrogen bonding and electrostatic interactions to form
heterojunctions to improve photocatalytic properties [50-55]. As
we known, the transfer of electrons will be greatly improved
between g-CN and porphyrin through paths developed by the
covalent bonds and the solar energy utilization efficiency would
be improved [10, 51]. While it is still a great challenge to anchor
porphyrin molecules on the g-CN framework through covalent
bonding, because the limited absorption of porphyrin on the g-CN
[10] and the quantity of amino group was too little to modify
through conventional organic synthesis methods.

In this work, through rational molecular design, we choose
5,10,15,20-tetrakis (4-(2,4-diamino-1,3,5-triazinyl) phenyl)-porphyrin
(TDPP) as the organic dopant to copolymerize with urea to fabricate
the CNNs modified by TDPP through covalent bonding (Scheme 1).
First, the supramolecular complexes can be easily formed via
hydrogen bonding by mechanical mixing TDPP and urea before
calcination (Fig. S1 in the Electronic Supplementary Material (ESM)).
During the thermal polymerization process, the melted urea-TDPP
solution could be formed at the temperature ranging from 150-300 °C
[56], in which TDPP was uniformly dissolved in the solution in
molecular state (Fig. S2 in the ESM). Based on Ref. [57], melamine
was generated as reaction intermediate at temperatures of 234 °C,
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Scheme 1 Schematic illustration of the preparation process and the proposed copolymerization process of urea with TDPP.

which further copolymerized with 2,4-diamino-1,3,5-triazinyl group
of TDPP at around 390 °C, accomplishing the fusion of TDPP into
tri-s-triazine matrices via covalent bonding. The copolymerization
process was similar to that reported before using other organic
molecules bearing suitable groups as monomers [16, 17]. Meanwhile,
the TGA test indicated there was no decomposition of TDPP at
390 °C (Fig. S3 in the ESM). When the temperature increased to
550 °C and kept for 2 h, the two-dimensional CNNs modified with
TDPP were fabricated.

To our surprise, the resultant material can not only broaden the
visible light absorption range but also can fabricate the CNNs with
reduced thickness via the facile one-pot bottom-up method. At the
same time, owing to the different electronic structure and chemical
composition, the intramolecular heterostructures were constructed
between TDPP with tri-s-triazines motifs, which were conductive
to the charge separation and transportation. The photocatalytic H,
production performance of the obtained material was 5 times as
high as that of unmodified g-CNU which derived from pure urea
thermal polymerization.

2 Experimental

2.1 The synthesis of TDPP

The porphyrin TDPP and its precursor 5,10,15,20-tetrakis(4-(4-
cyano)phenyl)-porphyrin were synthesized according to the methods
reported previously [58]. TDPP: 'H NMR (DMSO-ds, 400 MHz)
8.93 (s, 8H), 8.72-8.70 (d, ] = 8 Hz, 8H), 8.35-8.33 (d, ] = 8 Hz, 8H),
6.94 (s, 16H), —2.87 (s, 2H). Ultraviolet-visible (UV-Vis) absorption
(dimethylformamided (DMF) solution): 421, 516, 552, 596, 649 nm.

2.2 The synthesis of g-CNU

The g-CNU nanosheets were synthesized according to the previously
reported methods [57]. Briefly, 20 g urea was put into a crucible
which half-covered with aluminum foil and heated to 550 °C for 2 h
with a ramp rate of 2.3 °C-min™ in air to fabricate the products,
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which was denoted as g-CNU.

2.3 The synthesis of g-CNU-TDPP

g-CNU-TDPP samples were synthesized by thoroughly mixing 20 g
urea with different amounts (1, 3, 5, 10 or 20 mg) of TDPP under
mechanical grinding by hand. The resultant supramolecular complexes
were placed into a porcelain crucible which half-capped using
aluminum foil as cover and calcined at 550 °C for 2 h with a heating
rate of 2.3 °C-min™" in a muffle furnace in air, the resultant nanosheets
denoted as g-CNU-x mg TDPP (x = 1, 3, 5, 10, 20).

2.4 Material characterizations

The chemical structure of synthesized TDPP was confirmed by 'H
NMR using a Bruker AVANCE III HD 400M instrument. The
crystalline phases of the as-obtained samples were characterized by
X-ray powder diffraction (XRD), using Cu Ka radiation (A = 0.154 nm)
from a 40 kV X-ray source (Bruker D8 Advance) and the scanned
20 ranged from 10° to 50°. Fourier transformed infrared (FT-IR)
spectra were recorded using a VERTEX 70 FT-IR spectrometer and
the wavenumber ranged from 500 to 4,000 cm™. X-ray photoelectron
spectroscopy (XPS) measurements were performed on Thermo
Scientific ESCALAB 250Xi system with a monochromatized Al Ka
line source. The carbonaceous C 1s line at 284.6 eV was used as
reference to calibrate the binding energies of other elements.
Nitrogen adsorption-desorption isotherms were performed at 77 K
using Quadrasorb SI-4 equipment. Before the measurements, the
samples were degassed at 250 °C for 6 h to fully remove the absorbed
compounds. Brunauer-Emmett-Teller (BET) method and Barrett-
Joyner-Halenda (BJH) equation were applied to obtain the specific
surface areas and pore size distributions of the as-prepared samples,
respectively. The morphologies and microstructures of the samples
were investigated by transmission electron microscopy (TEM) using
a JEOL model JEM 2010 instrument. Atomic force microscopy
(AFM) was recorded by a Bruker Dimension Icon system. The
optical properties of the samples were measured by UV-Vis diffuse
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reflectance spectroscopy (DRS) using a PerkinElmer Lambda
950 system. Steady and time-resolved fluorescence emission spectra
of the samples were recorded at room temperature with a fluorescence
spectrophotometer Edinburgh FLS980. The excitation wavelength
was set to be 375 nm and it was probed at 460 nm.

2.5 Photoelectrochemical measurements

The photoelectrochemical measurements were conducted using a
three-electrode cell (Autolab electrochemical workstation) with a
Pt wire as counter electrode and a saturated Ag/AgCl as reference
electrode. The working electrode was prepared by dip-coating
method. The indium tin oxide (ITO) plate with the area of 2 cm?
were cleaned by ultrasonication in deionized water and acetone for
30 min and then dried in air. About 1 mg of the photocatalyst was
dispersed in 1 mL ethanol and 10 pL Nafion to form slurry and coated
on the ITO plate with an exposure area of 1.5 cm? and dried in air. A
0.2 mol-L™ Na,SO. aqueous solution (pH = 7.0) was chosen as the
supporting electrolyte and was purged with N to remove O, before
any measurements. The electrochemical impedance spectroscopy
(EIS) results were obtained at the open circuit potential using a
frequency ranged from 10° Hz to 10" Hz. The Mott-Schottky plots
were measured under different frequency (500, 1,000 and 1,500 Hz).
The photocurrent density versus time was recorded under visible
light switching on and off mode (A > 400 nm, 300 W Xenon lamp).

2.6 Photocatalytic H: evolution evaluation

Photocatalytic H, production reactions were carried out in a 100 mL
closed quartz flask reactor with top-irradiation model, which was
sealed with seal rubber septa (Beijing China Education Au-Light
Technology Co., Ltd,). Typically, 20 mg of the prepared photocatalyst
powder were suspended in 50 mL aqueous solution containing of
10% triethanolamine (TEOA) as sacrificial agent with 2 wt.% Pt as
cocatalyst which was in situ photo-deposited on the surface of the
photocatalysts using K;PtCls as precursor. The system was vacuumed
for 30 min, then the solution was irradiated by a 300 W Xenon lamp
with UV-cutoff filter (A > 400 nm) under continuous stirring and
the reaction temperature was kept steadily at 6 °C by using a water-
cooling filter. The hydrogen evolution was detected using an online
gas chromatograph (GC-7920) equipped with a thermal conductivity
detector (TCD), where nitrogen was used as the carrier gas. The
long-time performance of the photocatalyst was tested as follows:
The system was refreshed every 5 h and at last cycle 1 mL TEOA as
sacrificial agent was added to check the reason for the declined
photocatalytic ability. The wavelength dependent H evolution rate
was measured under 300 W Xenon lamp irradiation with different
band-pass filters. The apparent quantum efficiency (AQE) was
calculated according to the following equation

Number of reacted electrons

AQE(%) = x100%

Number of incident photons

2 x number of evolved H, molecues
= x100%

Number of incident photons

3 Results and discussion

3.1 Material characterization

First, the morphology and texture of g-CNU and g-CNU-TDPP
were investigated by TEM images. As presented in Fig. 1, the dense
and thick nanosheets with irregular holes of g-CNU (Fig. 1(a))
transformed into more thin, flat and transparent nanosheets with
the size and thickness apparently reduced when modified by TDPP
(Fig. 1(b)). The thickness of the nanosheets was further measured
by AFM, comparing with the thickness of g-CNU nanosheets
which was around 10 nm (Fig. 1(c)), the thickness of g-CNU-TDPP

hm 20 40 6 8 100 120 nmnm 10 2 3 40 5 60  nm
Figure 1 TEM images of (a) g-CNU and (b) g-CNU-TDPP and AFM image of
(c) g-CNU and (d) g-CNU-TDPP.

nanosheets was reduced to 3 nm (Fig. 1(d)), which was in accordance
with the observation from TEM images.

From the appearance, g-CNU-TDPP exhibited as loose and fluffy
gray-white powders, contrasting to the yellow powder of g-CNU
and the volume of g-CNU-TDPP with the same weight (300 mg)
was much larger than that of g-CNU (Fig. 2(a), inset). The color
change of g-CNU-TDPP showed a certain degree of blue-shift of
absorption edge [38, 39] and fully indicated that TDPP altered the
original polymerization way of urea. Nitrogen adsorption-desorption
isotherms and corresponding pore size distribution curves were
further carried out to examine the effect of TDPP on the specific
surface area and mesopores distribution. The isotherms for
g-CNU-TDPP and g-CNU both exhibited type IV behavior with an
H1 type hysteresis loop (Fig. 2(a)). An obviously enhanced adsorption
capacity at relative pressure P/P; > 0.8 was observed from the BET
isotherm of g-CNU-TDPP, indicating the production of abundant
mesopores. The BET surface area of g-CNU-TDPP was 165 m>g™',
which was nearly 3-times that of g-CNU (58 m*g™). It can infer
that the introduction of TDPP as co-monomer indeed promoted
the generation of mesopores and lead to the increased specific
surface area. Besides, the pore size distribution of g-CNU-TDPP
mainly concentrated at 2 nm and the intensity of the peak greatly
increased (Fig. 2(b)) comparing with g-CNU, the pore size of which
distributed at 2 nm and 10-50 nm. The change may originate
from the steric configuration of TDPP, which prevented further
accumulation of the interlayer and altered the in-plane connectivity
mode, leading to the enlarged specific surface area.

The crystal structure of the g-CNU-TDPP samples were analyzed
by XRD pattern (Fig. S4(a) in the ESM). Two characteristic peaks of
g-CNU located at about 13.5° and 27.8° were observed, corresponding
to the (100) and (002) crystal planes, respectively [17]. As for
g-CNU-TDPP samples, the intensity of (002) peaks were weakened
and the peaks were slightly broadened when doping with TDPP,
demonstrating the layered structure of g-CNU have been exfoliated
to more thinner nanosheets [38], which was consistent the AFM
analysis.

The chemical structure of the resultant samples was confirmed
by FT-IR spectra. The spectra of g-CNU-TDPP samples were
similar to that of g-CNU (Fig. S4(b) in the ESM). The sharp peak
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Figure 2 (a) N adsorption-desorption isotherms and (b) corresponding BJH pore-size distribution of g-CNU and g-CNU-TDPP. Inset: optical photograph of the

same weight of 300 mg g-CNU and g-CNU-TDPP.

at 807 cm™" is ascribed to the breathing vibration of the heptazine
units, the stretching vibration signals of aromatic CN heterocycles
are presented in the range of 1,200-1,600 cm™, and the broad peaks
between 3,000 and 3,500 cm™ are contributed by the N-H stretching
[17]. The peaks of TDPP not observed may be attributed to the
majority peaks of TDPP located in the range of 1,000-1,600 cm™,
which are overlapped with the strong peaks of g-CNU and the
doping amount of TDPP (the maximum was 5%) was too low to be
detected.

The chemical states of the g-CNU-TDPP were also investigated.
High-resolution of carbon and nitrogen XPS analyses (Fig. S5 in the
ESM) revealed that there was no pronounced distinction between
g-CNU-TDPP and g-CNU, indicating the chemical states of
g-CNU-TDPP were the same as g-CNU. The binding energy of C
1s located at 284.6 and 287.9 eV, which are attributed to the sp?
C=C bonds and sp* hybridized carbon bonded to N (N-C=N) in
the triazine rings. The peak located at 398.3 eV in the N1s spectra
can be deconvoluted into two peaks. The dominant at 398.4 eV
corresponds to the sp>-bonded N (C-N=C) in the triazine rings,
while the peak at 399.9 eV is ascribed to the bridging N atoms in
N-(C)s;. The peaks at 400.7 and 404.2 eV are attributed to the
amino groups and the charging effects [38].

The UV-Vis spectra showed that the optical edges of the modified
g-CNU-TDPP samples were all obviously blue shift from 425 nm
of pristine g-CNU to shorter wavelength (410-420 nm) with the

incorporation of different amount of TDPP into the framework of
g-CNU (Fig. 3(a)). This blue-shift tendency may be ascribed to the
quantum confinement effect due to the reduced particle size and
the thickness of g-CNU-TDPP nanosheets [38]. Simultaneously, the
absorption tails extending to 700 nm gradually became stronger
with the increasing content of TDPP, caused by the excellent optical
absorption capacity of TDPP anchoring into the matrices of nanosheets.
The optical bandgaps of the samples were estimated from plots
of (ahv)* versus photon energy (Fig. 3(a), inset). The interesting
feature was that the energy bandgaps (Eg) were shifted from 2.99 to
3.03-3.04 eV when fusion of TDPP into the nanosheets matrices,
but Eg had little relationship with the doping amount.

The band structure of the g-CNU-TDPP was measured by a
combined analysis of XPS valence band spectra and Mott-Schottky
plots to determination the location of the valence bands (VB) and
conduction bands (CB). The valence bands of g-CNU-TDPP and
g-CNU located at 1.43 and 1.79 eV, respectively, according to the
XPS valence band measurements (Fig. 3(b)). The Mott-Schottky
plots under different frequencies revealed the n-type characteristic
of g-CNU-TDPP based on the positive slope of the plots (Figs. 3(c)
and 3(d)) [38]. The derived flat-band potential was about —1.81 V
versus Ag/AgCl. It was negative shift of 0.41 V than that of g-CNU
which located at —1.40 V versus Ag/AgCl. The negative movement
of CB is conductive to the photocatalytic H, evolution because of
the higher reduction ability of the photogenerated electrons. The
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Figure 3 (a) Optical absorption of g-CNU-TDPP and g-CNU samples. (b) Valence bands of g-CNU-TDPP and g-CNU measured by XPS. (c) Mott-Schottky plots of
g-CNU. (d) Mott-Schottky plots of g-CNU-TDPP. The inset in (a) is (ahv)* versus hv curve of g-CNU-TDPP and g-CNU samples.

EN?V%ELQY%&% @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2019, 12(12): 3109-3115 3113

derived band gap energies of g-CNU-TDPP and g-CNU were 3.04 the enhanced redox ability of photogenerated electrons and the

and 2.99 eV, matching well with the values calculated from the plots improved charge carriers separation and transportation efficiency,
of (ahv)? versus photon energy. g-CNU-TDPP nanosheets were expected to be excellent candidates
The photoluminescence (PL) spectra showed that the sample for photocatalytic H, evolution. The reaction was carried out in

g-CNU-TDPP nanosheets exhibited apparently fluorescence quenching aqueous solution using TEOA (10%) as sacrificial agent and using
(Fig. S6(a) in the ESM), indicating that the recombination rates 2 wt.% Pt as cocatalyst. The as-prepared g-CNU-TDPP nanosheets
of the photogenerated charge carriers were greatly inhibited and all exhibited distinct enhanced H. evolution rate in comparison
the separation efficiency was improved. It may be caused by the with pristine g-CNU, especially for the sample g-CNU-3 mg TDPP
synergistic effect of the reduced thickness of the nanosheets and (Fig. 4(a)). The H, evolution rate could reach up to 7.6 mmol-g™"-h™'

molecular heterojunction formed between TDPP and tri-s-triazines and was 4-times higher than that of g-CNU. In particular, the
units which facilitate the charge carriers transferred to the surface. evolution rate dropped dramatically when the TDPP content
Furthermore, the slight blue shift of the emission peaks was in good increased to 10 or 20 mg, as we known, the photocatalytic efficiency
agreement with the observation from UV-Vis absorption spectra. is not only determined by the absorption ability of the visible light,

The time-resolved fluorescence decay spectra (Fig. S6(b) in the ESM) but also depended on the separation efficiency of the photogenerated
showed the reduced fluorescence lifetime of g-CNU-TDPP (4.33 ns) electron and holes, too much TDPP incorporation may interrupt
compared with g-CNU (5.74 ns), suggesting another additional  the integrity of g-CN matrices and damage the connectivity of g-CN
non-radiative pathway may be built caused by the doping of TDPP. during the process of thermal copolymerization, resulting in the

The intensity of the Lorentzian line of g-CNU-TDPP (g =2.003)  decreased of electron-hole separation efficiency, which explained
which was assigned to the unpaired electron of the carbon atoms the samples g-CNU-10 mg TDPP and g-CNU-20 mg TDPP did
within aromatic rings was obviously enhanced, comparing to that not exhibit a higher H, evolution rate. It can infer that a low doping
of g-CNU (Fig. S7 in the ESM). It indicated that the efficiency of amount of TDPP was necessary to maintain the excellent
exciton splitting and the density of the unpaired electrons was photocatalytic performance.

greatly improved in the dark state at room temperature when TDPP The stability of the photocatalytic H. evolution was evaluated by
embedded into the edges of g-CNU-TDPP nanosheets. 5 consecutive cycles and each cycle lasted for 5 h (Fig. 4(b)). The H,
The electrochemical impedance spectra (EIS) measurements  evolution rate was rather stable during the first three cycles, a slight

(Fig. S8(a) in the ESM) of g-CNU-TDPP showed an evident smaller ~ deactivation was noticed in the fourth cycle. When appropriate
diameter than that of g-CNU, revealing the weakened charge transfer ~ amount of TEOA was added, the reactivity of H, evolution improved

resistance. Meanwhile, the photoelectrochemical measurements again in the fifth run, indicating that the weakened activity was
were also carried out to further investigate the charger carriers mainly caused by the decreased concentration of TEOA.
transportation behaviors. The uniform photocurrent responses The wavelength-dependent AQE of H, production were measured

(Fig. S8(b) in the ESM) were presented and exhibited good stability, using band-pass optical filters. As shown in Fig. 4(c), as to the
and the enhanced photocurrent density of g-CNU-TDPP proved sample g-CNU, the maximum AQE was 1.9% at 420 nm and there
higher charge carrier separation efficiency when the intramolecular was no Hz produced when the A > 475 nm. The H; evolution rate
heterojunctions constructed. of g-CNU-3 mg TDPP exhibited significant increasement over the
total range of optical activity comparing with g-CNU and the

3.2 Photocatalytic H: evolution performance maximum AQE can reach up to 13.3% at 450 nm. Furthermore, the

Associated with the enlarged specific surface area, more surface AQE increased again to 5.2% at 500 nm and kept at 1% at 550 nm,
catalytic active sites, the expanded visible light absorption range, the result is easily to be questioned at first sight as just from the
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absorption spectra of g-CNU-3 mg TDPP, it showed no obvious
absorption in this wavelength range. While in fact, this result is a
good proof that demonstrating that TDPP is not only successfully
grafted into the g-CN matrixes but also maintained its original
optical absorption capacity at the same time. From the UV-Vis
spectra (Fig. 4(c)), TDPP itself has no absorption at 475 nm but the
first two Q-band absorption peaks of TDPP start from 495 nm and
ended at 567 nm, which explained why the AQE increased again at
500 nm and can still maintain 1% at 550 nm, the experimental data
matched well with the partial enlargement of UV-Vis spectra of
g-CNU-3 mg TDPP and g-CNU(Fig. 4(d)).

The photocatalyst g-CNU-3 mg TDPP was recovered when the
photocatalytic reaction completed and characterized by XRD pattern
and FT-IR spectra (Fig. S9 in the ESM). No noticeable change
was observed before and after reaction from the XRD and FI-IR
spectra, suggesting the excellent stability of g-CNU-3 mg TDPP in
photocatalytic reactions.

In order to further understand the electron separation and transfer
route, the location of Pt nanoparticles was investigated by TEM
image when the photocatalytic reaction finished. As can be seen
in Fig. S10(a) in the ESM, Pt particles randomly distributed on
the surface of g-CNU nanosheets with the average particle size of
10 nm while they tended to locate at the edges of the g-CNU-TDPP
nanosheets with the average size of 2 nm (Figs. S10(b) and S10(c)
in the ESM), which again proved TDPP grafting on the edges
of g-CNU-TDPP nanosheets and the electrons transferred from
tri-s-triazine units to TDPP units where K,PtCls was in-situ reduced
to Pt nanoparticles under visible light irradiation.

In combination with the above characterization and experiment
results, the possible photocatalytic mechanism and electron transfer
routes are speculated as follows (Fig. 5): When TDPP anchored
on the edges of the g-CNU-TDPP to construct intramolecular
heterojunctions, g-CNU-TDPP could harvest more visible light
under the visible light irradiation. The photogenerated electrons
and holes could easily transfer to the surface owing to the reduced
particle size and thickness of nanosheets and the electrons further
transferred to the edges of the nanosheets where TDPP situated
because of the energy level matched well between CB of the
g-CNU-TDPP and LUMO of TDPP. Pt particles formed by in-situ
photo-deposition were dispersed on the edges of the nanosheets
and acted as cocatalysts to collect electrons to reduce H* to H..
Meanwhile, the photogenerated holes were captured by TEOA.
During this process, the synergetic effects of the enlarged specific
surface area, the expanded optical absorption range, the enhanced
redox capacity of photoinduced electrons and the increased charge
carriers separation and transportation efficiency all contributed to
the enhanced photocatalytic H. evolution performance.

4 Conclusions

In summary, the bottom-up fabrication of porphyrin modified
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Figure 5 The schematic energy-level diagrams of g-CNU-TDPP and the photo
generated charge carriers transfer route at the intramolecular heterojunction
interface.

Nano Res. 2019, 12(12): 3109-3115

CNNs through covalent bonding has been developed for the first
time. The resultant g-CNU-TDPP exhibited excellent photocatalytic
H. evolution performance with AQE of 13.3% at 450 nm. This
methodology can be extended to imbedded metalloporphyrin into
the matrices of g-CN where the central metal ions can function as
single-site catalytic center, and the as-prepared CNNs modified
by metalloporphyrin could be employed in other photocatalytic
applications such as COreduction.

Electronic Supplementary Material: Supplementary material is
available in the online version of this article at https://doi.org/
10.1007/s12274-019-2562-X.
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