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Abstract

Tetra (4-carboxyphenyl) porphyrin (TCPP) was loaded on the surface of
Pt/g-CsN4 via a simple adsorption process, and the microstructure and chemical
structure of the composites were characterized by high resolution transmission
electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Fourier
transform infrared spectroscopy, UV-visible diffused reflectance spectroscopy and
photoluminescence spectroscopy. Loading TCPP onto Pt/g-C3N4 enhanced the
visible-light-driven photocatalytic evolution of H, from water. The TCPP/Pt/g-C3N4
composite with a TCPP loading of 1 wt % had the highest photoactivity, which was
2.1 times higher than that of Pt/g-C3N,. This improvement is attributed to enhanced
visible light utilization by the TCPP/Pt/g-C3Ny resulting from the strong visible light
response of TCPP. In addition, the formed organic heterostructure between TCPP and
g-CsN4 with overlapping bad gaps accelerates the electron transfer and inhibits the

recombination of the photogenerated electrons and holes on g-C3N,.
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1. Introduction
With the increasing consumption of fossil fuels which is exacerbating both the
current energy crisis and environmental problems, the search for new clean and
sustainable energy sources has become critical [1-2]. Hydrogen is a renewable and
clean energy source which could help ease current energy problems [3]. Using solar
radiation to split water is an easy and cost effective method to produce H, since solar
energy is abundant and easily accessible [4-7].
Graphitic carbon nitride (g-C3N,) is a good photocatalyst to produce hydrogen,

because it is inexpensive, non-toxic, non-polluting, and it has good thermodynamic



and chemical stability characteristics [8-11]. However, the photocatalytic activity of
pure g-CsNg is unsatisfactory under visible light irradiation [12]. Its low activity is due
to three issues: (1) the band gap of g-C3Ny4 is 2.7 eV [13] with corresponds to an
optical adsorption of 450 nm; this severely limits utilization of the visible-light.in
solar radiation; (2) g-CsN4 has a low electrical conductivity which results in fast
recombination of photogenerated electron-hole pairs; (3) g-C3sN4has a small specific
surface area. Three methods have been investigated to improve the photocatalytic
performance of g-CsNj: the coupling of semiconductor photocatalysts [14-17],
loading a noble metal as a co-catalyst [18-23] and dye sensitization [24,25].

Dye sensitization is a very effective way to enhance the photocatalytic
performance of g-C3N,4. Since dyes have good absorption in the visible region, they
can greatly enhance the visible light utilization of g-C3N4 [26]. Moreover, most dyes
can promote the transfer of electrons in visible-light-driven photocatalysis due to the
heterostructures formed by the dyes and the g-CsN,4 [27-28].

Porphyrin and.its derivatives play a pivotal role in nature. For instance,
chlorophyll is indispensable for the photosynthesis of green plants [29]. Inspired by
this, porphyrin has been used in the photocatalytic production of hydrogen with some
inspiring results [30-32]. Porphyrin is regarded as an appealing photosensitizer
because of its great chemical stability and its large conjugated structure. Its large
conjugated m-electron system endows porphyrin with a wide absorption band in the
visible region and gives it excellent light-induced properties.

Several groups have reported promising results for porphyrin sensitization. For
example, metal porphyrin modified TiO, shows good abilities for the
photo-production of hydrogen and for the photodegradation of organic pollutants

[33-35]. Reduced graphene oxide sheets and porphyrins have been combined through



n-n stacking to give strong interactions between the two conjugated system and this
material exhibited outstanding photocatalytic hydrogen production [35]. Using the
same mechanism, putting g-C3sN4s and porphyrin together resulted in a superior
photodegradation catalyst [27]. These noncovalent interactions between porphyrin
molecules and photocatalysts are much easier to accomplish than covalent interactions
since there are limited functional groups in g-C3N4 that can be modified. Further
porphyrins can act as photosensitizers and light harvesters to generate electrons and
holes. Since the porphyrin and photocatalyst form_ a heterostructure, the
photogenerated electrons of the excited porphyrin can be efficiently transferred to the
photocatalyst which enhances the photocatalytic performance [27, 33-36].

Inspired by these previous works, herein tetra (4-carboxyphenyl) porphyrin
(TCPP), with a wide absorption band in the visible region and a band gap of 2.32 eV
[37], was selected as a photosensitizer for g-CsN4. A series of TCPP sensitized
photocatalysts were synthesized via a simple method and characterized by various
instrumental techniques. The effect of the amount of TCPP loading on the catalytic
performance was studied. The effects of TCPP on the absorption of visible light, on
the transfer of photo-generated electrons and on hydrogen production were all studied.
In addition, a possible reaction mechanism is proposed.

2. Experimental

2.1 Materials preparation

TCPP (97%) was purchased from Aladdin-reagent Co. Ltd., Shanghai, China.

Melamine (99%) was purchased from J&K Scientific Ltd., Shanghai, China. All other
chemicals were purchased from Tianjin Chemical Reagent Co. Ltd. All chemicals
were used as received without further purification.

2.2 Sample preparation



2.2.1 Synthesis of g-C3N4

The g-C3N4 was prepared by heating melamine in a tube furnace. Typically, 3 g
of melamine was placed in a sealed alumina crucible, heated to 550 °C at a heating
rate of 10 °C min™ and kept at this temperature for 4 h. The resulting light yellow
product was collected and ground into powder using an agate mortar [38].
2.2.2 Synthesis of Pt/g-C3N, composite

Pt nanoparticles were loaded onto the g-CsN, surface via a simple in situ
reduction procedure using an aqueous solution of H,PtCls-6H,0 as a precursor. First,
0.5 g g-CsN4 was added to 50 mL deionized water and then ultrasonicated for 1 h.
Then, 265.5 uL of 0.05 g mL™ H,PtCls aqueous solution was slowly added into the
resultant mixture. After 30 minutes of magnetic stirring, 5 mL of 0.5 M NaBH,
solution was added dropwise over the course of 20 min and the solution was then
magnetically stirred for 2 h. Finally, the product was separated by centrifugation,
washed three times with deionized water and dried at 80 °C for 8 h (Scheme 1) [39].
2.2.3 Synthesis of TCPP/g-C3N4 composites

The TCPP/g-C3N4 composite was synthesized using the method previously
reported.in the literature [27]. First, 50 mg g-CsN4 powder was added to 10 mL of
ethanol and then the mixture was ultrasonicated for 1 h. Next, 10 mL of TCPP ethanol
solution (0.5 mg mL™) was slowly added to the above solution and the mixture was
ultrasonicated for 1 h. The mixture was then continually stirred at 80 °C until the
solvent was completely evaporated. Finally, the resulting product was dried overnight
at 80 °C. TCPP/g-C3N4 composites with different TCPP ratios were prepared using
the same procedure and adjusting the concentration of TCPP solution accordingly.
The prepared composites were labeled as TCPPx/g-C3N4, where X represents the

proportion by weight of TCPP in the composites.



2.2.4 Synthesis of TCPP/Pt/g-C3N, composites
A series of TCPP/Pt/g-C3N4 composites labeled as TCPPx/Pt/g-C3N4 were
synthesized using the same method as that for TCPP/g-C3N, except g-CsNs was

replaced with the as-prepared Pt/g-C3N,4 (Scheme 1).
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Scheme 1. Schematic illustration of the preparation of the TCPPx/Pt/g-C3N,
composites.

2.3. Material characterization

The morphology and microstructure and energy dispersive X-ray spectroscopy
(EDS) pattern of the as-prepared samples were characterized using transmission
electron microscopy (TEM, Tecnai G2 F20). The crystal structure of the samples was
determined using X-ray diffraction (XRD, D/MAX-2500, Japan) with a Cu Ka
radiation source in the range of 10-80° (20) with a scan rate at 10° min™. X-ray
photoelectron spectroscopy (XPS) with an Mg Ka anode (PHI1600 ESCA System,
PERKIN ELMER, US) was used to determine the composition of the samples.
Ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy (DRS) measurement of

all composites were performed with a UV-Vis spectrophotometer (UV2450, Shimadzu,



Japan), using BaSO, as the reflectance standard. Fourier transform infrared (FTIR)
spectra were collected on a Bruker Alpha FTIR in the region of 400-4000 cm™ using
KBr as a reference. Photoluminescence (PL) spectra were obtained on a Varian Cary
Eclipse fluorescence spectrometer at room temperature with an excitation wavelength
of 350 nm.
2.4. Photocatalytic H, production

The H; production experiments were carried out in a photocatalytic reactor (USA
ACE GLASS, Vineland, NJ). Typically, 5 mL of 10 vol % triethanolamine (TEOA)
aqueous solution (the electron donor) was added to a 10-mL guartz tube and saturated
with N, for 30 minutes. Then 5 mg of catalyst was added and the solution was
saturated with N for another 5 mins to completely remove oxygen before irradiation.
During the photocatalytic process, the'solution was constantly stirred with a magnetic
stirrer to ensure that the catalyst-was fully exposed to the light. The light source was a
Hg lamp (450 W) with a cut off filter (A > 380 nm). During the entire reaction process,
the system was maintained at 25 °C using flowing water. The amount of hydrogen
produced was ‘detected by gas chromatography (GC, CP 3800 Varian) using high
purity N, as the carrier gas with a TDX-01 column.

3. Results and discussion
3.1. Materials and characterization

The morphology and microstructure of the prepared TCPP, g-C3Ng,
TCPP,/g-C3N,, Pt/g-C3N4 and TCPP,/Pt/g-C3N4 were first characterized by TEM and
the results are shown in Fig. 1. The TCPP (Fig. 1a) is composed of lots of debris
structures whereas g-CsN, (Fig. 1b) has an aggregated structure composed of
nanosheets. The micrograph of TCPP1/g-C3sN4 (Fig. 1c) shows that the TCPP was

successfully loaded onto the surface of g-C3N4 and the images for the platinum



containing samples (Fig. 1d-e) show that Pt nanoparticles with an average particle
size of about 4 nm were successfully loaded onto the surface of the g-C3N4 nanosheets.
The image for TCPP,/Pt/g-C3N,4 (Fig. 1f) shows that both TCPP and Pt nanoparticles
were deposited onto the surface of g-CsNs. EDS was also used to analyze
TCPP,/Pt/g-CsN4 (Fig. 1g) and the results show that the C: N atomic ratio in the red
region of Fig. 1f was 5:4. This is higher than that for g-CsN, (3:4). Thisalso indicates
that TCPP was successfully loaded onto g-CsNj4. The weight ratio of Pt was about
1.1%. The TEM images demonstrate that a TCPP1/Pt/g-C3Nsternary heterostructure
was successfully synthesized. The interactions among the TCPP, Pt and g-C3N4 may

accelerate electron transfers within the material [24].
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Fig. 1.TEM images of (a) pure TCPP; (b) pure g-C3Ng; (c) TCPP1/g-C3Ny; (d, €) Pt/



g-CsNy;(f) TCPP41/Pt/g-C3N4;(g) EDS of TCPP41/Pt/g-C3N4(red area in Fig. f)

The crystal structures of the samples were studied by XRD and the results are

shown in Fig. 2. The g-C3Ny4 pattern has two distinct peaks at 13.0° and 27.4°, which

correspond to the g-CsN4 (002) and (100) crystal planes respectively [40]. The TCPP

pattern exhibits a very wide diffraction peak centered at about 20.9°. In the

TCPP,1/g-C3N, pattern, a peak for TCPP is not observed which is due to the low TCPP

content. The Pt/g-CsN4 spectrum contains two additional diffraction peaks at 39.8°

and 46.1° which correspond respectively to the (111) and (200) planes of the Pt

nanoparticles [40]. Similarly, in the in TCPP,/Pt/g-CsN, pattern, only the diffraction

peaks of g-C3N4 and Pt are found. All the g-C3sNz-containg samples have similar XRD

patterns indicating that the overall structures of the samples are similar and so the

addition of TCPP and Pt has no effect on the crystal structure of g-C3sNa.
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Fig. 2. XRD patterns of TCPP, g-C3N4, TCPP1/g-C3Ng, Pt/g-CsN,4 and

TCPPllpt/g-C3N4



XPS was used to characterize the composition and chemical states of
TCPP,/Pt/g-C3N4. The XPS spectrum is shown in Fig. 3a and the C 1s spectrum is
shown in Fig. 3b. The peak at 284.8 eV corresponds to C-C and/or C= C, whereas the
peak at 287.8 eV can be assigned to N-C=N [21]. The N1S binding energy region.in
Fig. 3c contains three peaks. The peak at 398.3 eV can be assigned to sp>hybridized
aromatic N atoms which are bonded to C atoms (C-N=C), the peak centered at 400.6
eV is due to tertiary N atoms bonded to C atoms in the form of N—(C)3 and the weak
peak at 403.5 eV originates from N atoms bonded to three C atoms in the aromatic
rings [28]. Figure 3b shows the Pt 4f spectrum in which the peaks at 70.1 and 76.6 eV
are from metallic Pt (Pt (0)), whereas the peak at 73.3 eV is from Pt** [18]. The O 1s

spectrum is shown in Fig. 3e and the peak at 532.4 eV can be attributed to -OH

groups [18].
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Fig. 3. XPS spectra of (a) TCPP,/Pt/g-C3N4 composite and high-resolution XPS

spectra of (b) C 1s, (c) N 1s, (d) Pt 4f, and (e) O 1s binding energy regions.

The structures of the synthesized composites were further characterized by FTIR
spectroscopy and the results are shown in Fig. 4. Figure 4a shows the FTIR spectra of
g-CsN4, TCPP, TCPP1/g-C3Ny, Pt/g-C3N4 and TCPP,/Pt/g-C3N,. In the spectrum of
the pristine g-CsN4, a wide band is observed at 3000-3500 cm™ which primarily
corresponds to the N-H stretching vibrations. The bands in the region from 1200 to
1650 cm™ (1639, 1562, 1408, 1321 and 1239 cm™) are associated with C-N and C=N
stretching vibrations. The sharp band at 807 cm™ is related to out-of-plane bending

vibrations which are characteristic of heptazine rings [15, 41]. The spectra of



TCPP1/g-C3sN4, Pt/g-C3N4 and TCPP,/Pt/g-CsN,4 are all similar to that of g-C3Ny,

again indicating that TCPP and Pt have no effect on the structure of g-C3Na.

The FT-IR spectra of a series of TCPPx/g-C3N4 composites are shown in Fig. 4b.
The TCPP/g-C3N4 composites all have the same characteristic peaks and no peaks
characteristic of TCPP are seen which is due to the low content of TCPP.-This may
indicate that TCPP is loaded on g-CsN,4through non-covalent bonds rather than via

covalent bonds [27]
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Fig. 4. FTIR spectra of (a) g-C3N4, TCPP, TCPP1/g-C3N4, Pt/g-C3N4 and
TCPP,/Pt/g-CsN4 and (b) a series of TCPPx/g-C3N4 composites

UV-Vis diffuse reflection spectroscopy is a common and effective method to
accurately characterize the light absorbing abilities of material. Figure 5 shows the
UV absorption spectra of g-C3Ng4, Pt/g-C3N4, TCPP1/g-C3N4, TCPP1/Pt/g-C3N,4 and
TCPP. The band gap for g-C3Nyis 2.7 eV, and as the UV-vis spectra shows, g-CsN,
does not absorb visible light at A > 450 nm. In contrast, TCPP absorbs throughout the
visible region. It has an intense absorption peak at 430 nm and four weak absorption
peaks in the range of 500-700 nm. These peaks correspond to the Soret band and the
four Q porphyrin bands, respectively. The absorption spectrum of Pt/g-C3N, is

basically the same as that for g-CsN,, indicating that Pt has no effect on the



absorbance of g-C3N,. The absorption spectra of TCPP1/g-CsN4 and TCPP,/Pt/g-C3N4
are combinations of those for g-CsN4and TCPP. However, compared with pure TCPP,
the Soret band in TCPP4/Pt/g-C3N,4 shifted from 416 nm to 430 nm and the Q1 band
shifted from 512 nm to 524 nm. This red shift is due to n-m stacking [36]. This
phenomenon shows that the TCPP and g-CsNgare not just physically mixed but that

they have formed a heterogeneous structure.
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Fig. 5..UV—Vis diffuse reflection spectra of g-C3N4, Pt/g-C3N4, TCPP1/g-C3Ny,

TCPP,/Pt/g-C3N4sand TCPP.

3.2. Photocatalytic H, production

The photocatalytic H, production activities of the samples were evaluated under
visible light irradiation (A > 380 nm), using 10 vol % TEOA aqueous solution as an
electron donor, and the results are shown in Fig. 6a. The photocatalytic H, evolution
rate for pure g-CsNy is very low (only about 6 pmol g™ h™). The H;evolution rates for

TCPP1/g-CsN,4 and Pt/g-CsN4 reached 30 and 564 umol g™ h™ respectively. The higher



activities are because both TCPP and Pt improve photoinduced electron transfers and
inhibit recombination of photogenerated electron-hole pairs in g-C3sN4 [39]. The H,
evolution rate of the TCPPy/Pt/g-CsN; composite (1208umol g h?) is 2.1 times
higher than that of Pt/g-CsNs. In this ternary composite, both TCPP and Pt
nanoparticles can inhibit the recombination of photogenerated electron-hole pairs and
TCPP also significantly improves the ability of g-CsN4 to absorb visible light [27].
The synergistic effect of Pt nanoparticles and TCPP plays an important role in
improving the g-C3N,4 photocatalytic activity.

The effect of the amount of loaded TCPP on the photocatalytic activity of
TCPPx/Pt/g-C3N4 was studied and the results are shown in Fig. 6b. With the increase
of TCPP content, the H, production rate was improved and highest H, production rate
was achieved with a TCPP loading of 1 wt %. Further increasing TCPP resulted in
lower H, production rates. This may be because excess TCPP causes a decrease in the
number of active sites [25].

The stability of the catalyst is a critical factor in assessing whether the catalyst
can be used in-production. The TCPP,/Pt/g-C3N,catalyst was used for H, production
for five cycles (25 h) and the result are shown in Fig. 6¢. After five cycles, the catalyst
retained 90% of its initial activity, indicating that the catalysts exhibit excellent
stability under visible light irradiation. A possible reason for the loss in catalytic
activity may be that a few of the TCPP molecules were desorbed from the g-CsN4
nanosheets during the continuous agitation process. Overall, the TCPP,/Pt/g-C3N,4
ternary composite catalyst exhibits a remarkable recycling capability.

The photocatalytic H, production performance of photocatalysts is also affected
by various electron donors [42]. The effects of methanol, ascorbic acid

(AA), ethylenediaminetetraacetic acid (EDTA) and TEOA on the photocatalytic



performance of TCPP4/Pt/g-C3N4 were studied and the results are shown in Fig. 6d.
TEOA is the best electron donor for the catalyst and methanol is the worst. This
remarkable difference may be due to the differences in the oxidation-reduction
potentials of the electron donors [43].

The concentration of H” is another factor that influences H, evolution: So the
photocatalytic performance of TCPP:/Pt/g-C3sN, at different pH < values was
investigated and the results are shown in Fig. 6e. The best photocatalytic performance
was obtained at pH 9. The lower performances at more acidic conditions are due to

the protonation of TEOA. The lower H; evolution rate at higher pH values is mainly

due to the decrease of H* concentration [44].
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Fig. 6. Under visible-light irradiation, (a) rate of photocatalytic H, production by
photocatalysts; (b) rate of photocatalytic H, production by TCPPx/Pt/g-CsN4 with
different TCPP mass ratios (0, 0.5, 1.0, 1.5 and 2 wt %); (c) reusability of the
TCPP,/Pt/g-C3N, photocatalyst; (d) Effects of different electron donors (methanol,
ascorbic acid, EDTA, TEOA) on the photocatalytic performance of TCPP,/Pt/g-C3Ny;

(e) Effect of pH on photocatalytic performance of TCPP1/Pt/g-C3Nj.

3.3. Proposed mechanism

A possible mechanism for the electron transfer in the photocatalytic process is
shown in Fig. 7..Based on the UV-vis diffuse reflectance data, the bandgap energies of
g-C3sN4 and TCPP are 2.7 and 2.5 eV, respectively (Fig Sla and S1b). According to
previous reports, TCPP is a photosensitizer with a HOMO at +0.96 eV vs. normal
hydrogen electrode (NHE) [37]; whereas the redox potentials of the conduction band
(CB) and the valence band (VB) of g-C3N4 are at -1.3 and +1.4 eV vs. NHE
respectively [13]. As shown in Fig. 7, both TCPP and g-CsN,4 can be excited by
absorbing visible light (A> 380 nm). The electrons are excited to the LUMO and CB,
forming holes in the HOMO and VB. Since the LUMO of TCPP is more negative than
the CB of g-C3sNy, the photogenerated electrons can be transferred from the LUMO of
TCPP to the CB of g-C3N4. Due to the surface plasmon resonance effect of the Pt

nanoparticles, the electrons accumulated in the g-C3N4 CB can then be captured by the



Pt nanoparticles, which provide reaction sites, so the reduction of H to H, is easy to
achieve [24]. Concurrently, the VB of g-CsN4 is more positive than the HOMO of
TCPP, so the holes of g-C3Ny are transferred to the HOMO of TCPP [27]. At the same
time, the photogenerated holes in TCPP and g-C3Ny are filled with electrons from the
electron donor, TEOA. Thus, an effective and fast electron separation is achieved.
This rapid and efficient electron separation suppresses the recombination of the
photogenerated electron holes, thereby improving the photocatalytic performance

under visible light irradiation.

eV vs NHE
S

Fig. 7. Proposed mechanism for photocatalytic H, evolution over

TCPP/Pt/g-C3N,4 under visible-light irradiation ( A >380 nm).

To verify the mechanism, photoluminescence spectra were used to study the
photogenerated electron-hole pair transfer and recombination processes. Figure 8a
shows the PL spectra for g-C3N4, TCPP1/g-C3Ny4, Pt/g-C3N4 and TCPP,/Pt/g-C3N,4 at
an excitation wavelength of 350 nm. The PL spectrum of g-C3N, exhibits a broad
intense emission peak. The intensities of the emission peaks in TCPP;/g-C3Ny,

Pt/g-C3sN4 and TCPP1/Pt/g-C3sN,4 are significantly weaker than that in g-CsN4 This



clearly demonstrates that both Pt and TCPP inhibit the recombination of the
photogenerated electrons and holes in g-CsN4. The emission intensity is the lowest for
TCPP,/Pt/g-CsN4 which indicates that Pt and TCPP may have a synergistic effect on
the charge transfer. In addition to the lower intensities, there are also red shifts in the
emission peaks of TCPP4/g-C3sN4 and TCPP4/Pt/g-C3sN4, This also indicates that there
are interactions between g-C3N4 and TCPP [27]. Thus it can be concluded that TCPP
and g-C3sN,4 form a heterogeneous structure.

The PL spectra for TCPPx/g-C3sN4 are shown in Fig. 8b. With the increase of
TCPP content, the fluorescence intensity decreased. TCPP1/g-C3sN4 has the weakest
PL peak. To further improve the TCPP content, PL response becomes stronger. This
phenomenon may be due to the presence of excessive TCPP which reduces the

reduction of active sites for H, production [25].

() —g-C3Ng (b) —_TCPPg 25/9-CaNa
—— Pt/g-C3Ny — TCPPQ,5/9-C3N4

— —— TCPP/g-C3Ny4 . — TCPP1/g-C3Ng

> —— TCPP/P/g-C3N4| 3 — TCPP1.5/g-C3Ng

) 8

2 2

= =

c c

b 3

£ =
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Wavelength (nm) Wavelength (nm)

Fig. 8. Photoluminescence spectra of: (a) g-C3N4, TCPP1/g-C3N4, Pt/g-C3N4 and
TCPPl/Pt/g-C3N4 and (b) TCPPO.25/g-C3N4, TCPPO.5/g-C3N4, TCPPl/g-C3N4 and
TCPP1.5/g-C3N4.

4. Conclusions

In summary, a TCPP/Pt/g-CsN, ternary composite photocatalyst for photocatalytic H,

production was synthesized via a facile method. The catalyst has a high photocatalytic



activity under visible light irradiation. It not only has excellent hydrogen production
efficiency but also exhibits good reusability. The catalyst with a TCPP content of 1
wt % had the highest photocatalytic H, production rate (1208 umol g™ h™) which was
2.1 times greater than that of Pt/g-C3Ns. The TCPP and Pt play a synergistic role.in
improving the catalytic activity. The TCPP improved the ability of g-C3Ng4 to use
visible light. In addition the co-catalyst Pt nanoparticles and the heterostructure
formed by the TCPP and g-C3N, via n-nt stacking accelerated the electron transfer and
inhibited the recombination of the photogenerated electrons and holes in g-C3Na.
Compared to many previous reports of inorganic heterojunctions, this study provides
a new way to construct organic heterojunctions for photocatalytic hydrogen

production.
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