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Graphitic  carbon  nitride  (g-C3N4) is among  the  most  promising  metal-free  photocatalysts  for  H2 produc-
tion  from  solar-driven  water  reduction.  However,  the  photocatalytic  efficiency  of  bulk  g-C3N4 powders
is limited.  In  this  work,  molecular  aggregates  of  perylene  tetracarboxylic  diimides  (PTCDIs,  a  robust  class
of air-stable  n-type  organic  semiconductor)  were  loaded  via  solution  processing  on  the surface  of  g-
C3N4, which  is  pre-deposited  with  cocatalyst  Pt nanoparticles.  The  PTCDIs/Pt/g-C3N4 composites  thus
fabricated  exhibit  broader  visible-light  response  than  Pt/g-C3N4, and  possess  excellent  photochemical
hotocatalysis
ater-splitting

ydrogen
-C3N4

erylene diimide

stability.  The  initial  intramolecular  charge  transfer  features  of  the  PTCDIs,  as  well  as  their  energy  lev-
els  being  matched  to g-C3N4, ensure  subsequent  charge  separation  in the  PTCDIs/Pt/g-C3N4 composites.
When  the composites  are  dispersed  into  aqueous  solutions  containing  triethanolamine  as  a sacrificial
electron  donor,  a  tenfold  enhancement  of H2 evolution  activity  (∼0.375 �mol  h−1) is achieved  compared
to bare  Pt/g-C3N4 under  visible-light  (� ≥  420  nm)  irradiation.
. Introduction

Hydrogen (H2) is an ideal green energy source to alleviate
he impact of fossil fuel scarcity and environmental risk because
t is renewable, energy dense, and environmentally friendly [1].
plitting water using a photocatalytic reduction reaction on a
emiconductor surface utilizing abundant solar energy has been
emonstrated as a promising approach for clean, cost-effective
roduction of H2 [2–4]. In contrast to most inorganic semi-
onductor photocatalysts, metal-free polymeric graphitic carbon
itride, g-C3N4, is an inexpensive, effective, and photochemically
table organic semiconducting photocatalyst for H2 generation
rom water reduction [5–7]. Related work originates from Wang’s
ioneering work in 2009 and has attracted intense interest in sub-
equent years, yielding a great deal of promising results [7,8].

owever, despite its appealing features, the photocatalytic activ-

ty of bare g-C3N4 is relatively unsatisfied [9,10]. There are three
ain reasons for the unsatisfactory efficiency of as-prepared bulk
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©  2015  Elsevier  B.V.  All  rights  reserved.

g-C3N4 powders: (1) limited utilization of visible-light due to
its moderate bandgap (Eg = ∼2.7 eV, corresponding to an optical
wavelength of ∼460 nm); (2) rapid recombination of photoinduced
electrons and holes due to the unavoidably disordered structure
or defects; and (3) relatively small Brunauer–Emmett–Teller (BET)
surface area (normally below 10 m2 g−1) [7,10]. Consequently,
many attempts have been made to improve the photocatalytic
performance. Combination of g-C3N4 with dye molecules may
improve their visible-light response via sensitization process [7,8].
Normally, Pt nanoparticles are loaded onto the surface of g-
C3N4 matrix to enhance their photocatalytic water reduction
efficiency as cocatalyst [10]. Additionally, the presence of sacrificial
electron donors, such as triethanolamine, methanol and ethylene-
diaminetetraacetic acid, is often necessary for photocatalytic H2
production from water [7]. To enlarge the BET surface of g-
C3N4, various micro/nanostructures (like nanoporous, nanosheet,
etc.) have been constructed via different fabrication methods
[7,10]. The morphologies are highly affected by factors such as

precursors, condensation temperatures, and complex fabrication
processes [7,10]. Thereby, bulk-phase g-C3N4 is still a repre-
sentative good candidate to study the photosensitizing action
of dyes.

dx.doi.org/10.1016/j.apcata.2015.03.026
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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For visible-light-driven H2 production, dyes with
r without metals, such as ruthenium(II) complexes,
ickel–thiourea–triethylamine complex, magnesium phthalo-
yanine, Eosin Y, and Erythrosin B, have been used as sensitizers
or g-C3N4 [11–15]. These dyes suffer from disadvantages such as
equiring expensive rare earth elements, poor stability under light
rradiation or in water, limited visible-light response, complicated
ynthesis, or difficult functionalization. Therefore, their practical
pplications are limited [2–4]. In contrast, perylene tetracarboxylic
iimides (PTCDIs), a robust class of air-stable n-type organic
emiconductor molecules, exhibit high thermal and photostability,
nd strong light absorption (nearly covering the whole visible light
pectrum) [16,17]. With suitable structural modification and the
lanar �-conjugate structure, PTCDIs can be fabricated into pho-
oactive semiconductor heterostructures [17–20]. These features

ake PTCDIs strong candidates for light harvesting sensitizers in
ye-sensitized photochemical systems. In fact, such applications
ave achieved enormous attention in organic photovoltaic fields,
s well as TiO2-based photo-degradation of pollutants [20–23]. On
he other hand, PTCDIs solid owns an appropriate band structure,
hich encompasses the reduction and oxidation potentials of
ater [4,17]. However, the applicability of PTCDIs in photocat-

lytic H2 production field is seldom reported. The main obstacles
re considered to be their electron-deficient �-conjugated cores,
apid charge recombination, and inefficient charge transport in
isorder molecular system [2,20,23].

However, large exciton diffusion lengths and high electron
obility of PTCDIs can be achieved through the extended �–�

lectronic interaction enabled by the cofacial molecular stacking
17]. Significant efforts have focused on designing intramolecu-
ar electron donor–acceptor structures and constructing orderly,
ne-dimensional (1D) nanostructures of PTCDIs (e.g., nanofiber)
ia self-assembly driven by strong �–� stacking of their large
lanar aromatic cores [21,22,24]. In 2010, Zang’s group reported
hat an electron-rich dimethylaminobenzyl group attached to the
mide-position of the PTCDIs molecule can facilitate intramolecular
harge separation under visible-light irradiation. Meanwhile, effi-
ient charge transport was achieved along long axis of nanofibers
nder white light [19]. Inspired by this, we have recently demon-
trated the applicability of a series of PTCDI nanofiber composites
or photocatalytic H2 production from water reduction [25]. Mean-
hile, a similar photocatalytic concept was also proven for the
anofibers of perylene monoimides [26].

In this work, we reported on a novel visible-light-driven com-
osite photocatalyst employing g-C3N4 as the matrix and PTCDIs
ssembles as the adjuncts (Fig. 1). g-C3N4 was prepared from
ne-step thermal condensation of a cheap and abundant pre-
ursor, melamine. Symmetric PTCDI-1 and asymmetric PTCDI-2
olecules modified with 4-dimethylaminobenzyl and/or dodecyl
ide groups were synthesized to explore the effect of side-chain
odification on aggregation behaviour, nanostructure morphol-

gy and photocatalytic activity. After photo-deposition of Pt on
-C3N4, a bisolvent-exchange triggered aggregation method [27]

Fig. 1. Chemical structures of PTCDI-1 an
 General 498 (2015) 63–68

was used to prepare PTCDI/Pt/g-C3N4 composites. Then, the com-
posite particles were suspended in aqueous solutions containing
triethanolamine (sacrificial electron donor) to sustain the photocat-
alytic reaction under visible-light illumination. For comparison, the
photocatalytic activity of Pt/g-C3N4 as well as Pt/PTCDIs nanofiber
composites was  also investigated to help understand the improved
photocatalytic activity of PTCDI/Pt/g-C3N4 composites.

2. Experimental

2.1. Preparation of materials

Bulk g-C3N4 powders (Fig. 2a) used in this study were prepared
using simple pyrolysis technique through thermal polycondensa-
tion of melamine at 600 ◦C for 4 h under ambient pressure in air
[7,8,28]. g-C3N4 thus prepared contains structural defects such as

NH, NH2, and OH groups which can be attributed to imper-
fect condensation and adsorbed H2O [10,29,30]. The resultant
brown–yellow powder was  collected, ground and used as the pho-
tocatalyst matrix without any further treatment. Pt as a cocatalyst
for photocatalytic H2 evolution was  loaded onto the g-C3N4 pow-
ders via a typical and simple in situ photoreduction procedure
from an aqueous solution of H2PtCl6·6H2O [25]. The greyish yellow
powder Pt/g-C3N4 (Fig. 2b) was  ground and used as sensitiza-
tion matrix for the following test without further treatment. The
synthesis of symmetric PTCDI-1 (Fig. 2c) and asymmetric PTCDI-
2 (Fig. 2d) was  performed following a typical Langals’ procedure
with yields of ca. 80% and 45%, respectively, that is, by conden-
sation of commercially available perylene 3,4,9,10-tetracarboxylic
dianhydride (PTCDA) with 4-(dimethylamino)benzylamine and/or
dodecylamine in molten imidazole under a N2 protection [17,19].

2.2. Preparation of PTCDIs/Pt/g-C3N4 composites

10 mL  of PTCDIs solution in CHCl3 (125 mg  L−1) was mixed
with ground Pt/g-C3N4 fine powders (25 mg) in a 100 mL  round-
bottom flask. The mixtures were ultrasonicated and stirred at 25 ◦C
for 6 h in the dark, and then another 2 h after the injection of
40 mL  of CH3OH dropwise. The precipitates were collected by vac-
uum suction filtration using 0.45 �m membrane filter and then
dried at 80 ◦C for 6 h to give PTCDI-1/Pt/C3N4 (Fig. 2e) and PTCDI-
2/Pt/C3N4 powders (Fig. 2f). Comparatively, 1D self-assembly of
PTCDIs nanofibers were performed via feasible bisolvent phase-
transfer process by injecting a large amount of CH3OH  (400 mL)  into
concentrated CHCl3 (100 mL;  400 �mol L−1) solutions of PTCDIs
[19,25]. Then, Pt (0.5 wt.%) was deposited on PTCDIs nanofibers
(denoted as Pt/PTCDIs) following the same in situ photo-reduction
process just as above described to prepare Pt/g-C3N4.
2.3. Characterization

Thermogravimetry analysis (TGA) of PTCDIs was performed on
a NETZSCH STA 449F3 instrument. The samples were heated in an

d PTCDI-2 molecules, and g-C3N4.
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Fig. 2. Photo images of (a) g-C3N4, (b) Pt/g-C3N4, (c) PTCDI-

lumina crucible in the range from room temperature to 800 ◦C
ith a heating rate of 10 ◦C min−1 under air atmosphere. UV–vis
iffused reflectance spectra (DRS) of the samples was  recorded
t room temperature on an EVOLUTION 220 UV–vis spectropho-
ometer equipped with an integrating sphere assembly. Scanning
lectron microscopy (SEM) images were obtained on a ZEISS
UPRA55VP microscope. Specific surface areas of samples were
easured by the BET method (N2 adsorption) in a N2 adsorp-

ion apparatus (Quantachrome 1900 Corporate Drive). Photographs
ere taken with a Canon IXUS 155. Cyclic voltammetry (CV) mea-

urements were performed in a conventional three-electrode cell
ith Pt wires with diameters of 1 mm  as the working and counter

lectrodes, while an Ag/AgCl electrode served as the reference
lectrode [27]. The electrodes were directly immersed in the solu-
ion containing a solution of PTCDIs (5 mmol  L−1) in dry CH3CN
n the presence of tetra-n-butylammonium hexafluorophosphate
0.1 mmol  L−1) using a Model 263A workstation (EG&G Princeton
pplied Research). Tests were carried out at a scan rate of 50 mV  s−1

t 25 ◦C under nitrogen protection. For electrochemical character-
zation of the solids, the working electrodes were prepared by a
ispersing process. Typically, the methanol slurries of g-C3N4 or
t/g-C3N4 were carefully dropped down onto pre-cleaned indium
in oxide (ITO) glass substrates and then flattened. The ITO elec-
rodes were dried in air and annealed at 100 ◦C for 2 h.

.4. Photocatalytic tests

H2 generation experiments were carried out in a top-irradiation
ype reactor connected to a closed gas circulation and evacuation
ystem (Labsolar-H2 photocatalytic water-splitting H2 production
ystem, Bofeilaii, Beijing). Generally, 25 mg  of the photocatalyst

owder was suspended using a magnetic stirrer in 100 mL aqueous
olution containing triethanolamine (10 vol.%) as sacrificial elec-
ron donor. Before photo-irradiation, the system was  evacuated
everal times to remove oxygen, and the reaction temperature

ig. 3. SEM images of (a) g-C3N4 and its microtopography (inset), (b) Pt/g-C3N4, (c) PT
anofibers fabricated individually via self-assembly.
 PTCDI-2, (e) PTCDI-1/Pt/g-C3N4 and (f) PTCDI-2/Pt/g-C3N4.

was maintained at 25 ◦C by a flow of cooling water during the
entire experiment. A 400 W Xenon lamp (CEL-S500, Beijing AULTT)
attaching with a 420 nm cutoff optical filter was used as the
light source. The distance between the light source and the liq-
uid level in the reactor is 10 cm.  The effective irradiation surface
area is 19.6 cm2. The intensity of the incident light (≥420 nm)  was
measured to be 0.15 ± 0.02 W cm−2 with an optical power metre
(NEWPORT 1916-C). The amount of evolved H2 was  detected and
analyzed by an inline gas chromatography (GC-system 7890A; Agi-
lent Technologies) with N2 as the carrier gas. The apparent quantum
efficiency (AQE) measurement was carried out under the similar
photocatalytic reaction conditions only with 0.3 g catalysts and
irradiation light at 420 nm by using combined band-pass filter (full
width at half maxima is 15 nm). The irradiated light intensity of
420 nm was measured to be ca. 20 mW cm−2. AQE is estimated
according to a typical equation,

AQE = 2(number of evolved hydrogen molecules)
(number of incident photons)

× 100%

= 2ntN

EAt�/hc
× 100%

where n is the amount of H2 evolution under the light with the
wavelength �, t is the illumination time, N is Avogadro constant, E
is the irradiated light intensity, A is the effective irradiation surface
area, h is the Planck constant, and c is the speed of light.

3. Results and discussion

3.1. Materials and characterization

Their morphology with amorphous structure of g-C3N4 was

indicated by SEM characterization (Fig. 3a). The mesoporous skele-
ton and structural defects such as NH, NH2 and OH of g-C3N4
thus prepared facilitate the surface binding of Pt cocatalysts
[29,30]. Moreover, these moieties can bind with the two  PTCDIs

CDI-1/Pt/g-C3N4, (d) PTCDI-2/Pt/g-C3N4, (e) PTCDI-1 nanofibers and (f) PTCDI-2
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Table 1
Forniter molecular orbital energies of PTCDIs, g-C3N4 and Pt/g-C3N4 estimated from electrochemical CV measurements.

Sample Eox/eV Ered/eV EHOMO/eV ELUMO/eV Bandgap/eV

PTCDI-1 1.85 −0.87 −6.35 −3.63 2.72
PTCDI-2 1.84 −0.76 −6.34 −3.74 2.60
g-C3N4 2.25 −0.73 −6.75 −3.77 2.98
Pt/g-C3N4 2.23 −0.72 

Note: HOMO and LUMO values were calculated using the equation. EHOMO = −4.5 eV − Eox

F
i

(
�
b
t
f
d
r
(
t
n
t
w
i
T
f
[
3
(
a
m
N
t
P
m
f
[

t
c
s
h
e
d
a
u
w
e
i

nanobelts, likely attributed to its non-coplanar side chain modi-
ig. 4. DRS absorption spectra of g-C3N4, Pt/g-C3N4 and PTCDIs/Pt/g-C3N4 compos-
tes.

Fig. 1) through hydrogen bonding, which in conjunction with
–� interaction would enforce a strong contact (tight junction)
etween PTCDI and g-C3N4, thus enhancing the interfacial elec-
ron transfer (vide infra) [31]. Consistent with the colour change
rom yellow g-C3N4 (Fig. 2a) to greyish Pt/g-C3N4 (Fig. 2b), well-
ispersion of Pt nanoparticles on the surface of g-C3N4 is also
evealed by SEM (Fig. 3) images and demonstrated by DRS spectra
Fig. 4), where Pt/g-C3N4 exhibits a small red-shift of the absorp-
ion band-edge [10]. Consequently, Pt/g-C3N4 possesses a slightly
arrower bandgap ca. 2.95 eV from the onset of the DRS spec-
rum, which is sufficient for its use in water reduction reaction,
hich requires 1.23 eV theoretically [2]. The bandgap was also

ndicated by the electrochemical CV measurement as shown in
able 1. In addition to the appropriate energy levels, a large sur-
ace area of photocatalyst is also required for efficient H2 evolution
31]. BET analysis revealed such g-C3N4 powders is approximately
5 m2 g−1 (Fig. S1), larger than that of common bulk g-C3N4
<10 m2 g−1), mainly due to the influence of temperature and air
tmosphere [13]. The porosity of these powders containing small
esopores about 3.8 nm in diameter was demonstrated using
2 adsorption–desorption isotherms at liquid nitrogen tempera-

ure. In general, a larger surface area offers more surface sites for
TCDI adsorption, leading to enhanced light-harvesting, and the
esoporous structure shortens the diffusion path of free carriers

rom the bulk to the surface resulting into increased photoactivity
13,30].

Key design criteria in developing an ideal photocatalytic sys-
em include efficient visible-light harvesting, effective interfacial
harge transfer (here specifically between PTCDI and g-C3N4) and
uppression of recombination of the photogenerated electrons and
oles [25,32,33]. The electron-rich (dimethylamino)benzyl moi-
ty was added to the electron-deficient PTCDI unit to construct a
onor-acceptor structure in both two PTCDI derivatives (denoted
s PTCDI-1 and PTCDI-2, Fig. 1) to enable photoinduced intramolec-
lar charge transfer [19]. Additionally, the dodecyl modification

as implemented to tune the intramolecular charge separation and

ffect on the photocatalytic activity of PTCDIs [24]. Moreover, there
s an additional methyl space between the (dimethylamino)phenyl
−6.73 −3.78 2.95

; ELUMO = −4.5 eV − Ered.

group and PTCDI core, which enables more efficient intramolec-
ular charge separation under illumination [19]. This property
should contribute to the increased photocatalytic activity as to be
discussed later. Both PTCDI-1 and PTCDI-2 exhibit remarkable ther-
modynamic stability under air atmosphere as shown in Fig. S2, and
broadened and strong optical absorption in the visible light region
in the solid state (Fig. S3) in accordance to their dark-red (Fig. 2c)
or red (Fig. 2d) colour. The strong visible absorption, together with
the LUMO positions and bandgaps as listed in Table 1, implies high
promise of these PTCDIs for water reduction applications utilizing
visible-light [3,7]. Further, the existence of two  electron-rich aro-
matic groups increases the reduction potential of PTCDI-1, and thus
elevates its LUMO level. Additionally, in respect to the presence of
nodes at the N- and N′-positions of PTCDI structure, PTCDI-1 and
PTCDI-2 exhibit similar strong absorption in the visible light region
(Fig. S3). As a result, the comparison of photocatalytic activity
between them and following PTCDIs/Pt/g-C3N4 composites arising
from side-group functionalization becomes convenient.

3.2. Construction of nanocomposites

To realize a functional photocatalytic system, PTCDIs/Pt/g-C3N4
composites (Fig. 2e and f) composed of PTCDI aggregates on the
Pt/g-C3N4 matrix were fabricated. It is known that the organization
of molecules into ordered assemblies provides continuous pathway
for charge transport [24]. Inspired by the reported self-assembly
strategy [24], a quick injection and dispersion method was  initially
introduced to prepare PTCDIs/Pt/g-C3N4 composites. As shown in
Fig. 3c and d, PTCDI-1 and PTCDI-2 adsorb on the surface of the
Pt/g-C3N4, creating a layer-like morphology via hydrogen bond-
ing and �–� stacking in the presence of two  different solvents,
CHCl3 (good)/CH3OH (poor). This method has the advantages of
low-cost, low power consumption, easy scaling, and simplicity [36].
As can be seen from the DRS results (Fig. 4), the absorption edge
of Pt/g-C3N4 shifts towards longer wavelengths (up to 700 nm) in
the visible range after combination with PTCDIs, which makes the
PTCDIs/Pt/g-C3N4 composites strong candidates for visible-light-
driven photocatalysts.

3.3. Nanoscale self-assembly

To evaluate the photocatalytic water reduction activity of
PTCDIs alone, nanofibers of PTCDIs were fabricated through
solution phase self-assembly performed via a simple bisolvent
interfacial transfer process, as established in previous reports
[25,34]. 1D self-assembly of PTCDIs occurs because of their decreas-
ing solubility when injecting a larger volume of CH3OH into their
CHCl3 solution at a 4:1 volume ratio. The insolubility drives the
strong intrinsic co-facial �–� stacking of the aromatic core (stack-
ing along the long axis) in conjunction with the association between
the side chains (aggregating along the short axis) [19,35]. SEM
images (Fig. 3e) show the symmetric PTCDI-1 formed short, narrow
fication. In comparison, longer, thinner nanobelts were obtained
from asymmetric PTCDI-2 (Fig. 3f), likely due to the more flexible
tuning of molecular stacking by the linear alkyl chain on one side
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ig. 5. The time courses of H2 evolution from water over Pt/g-C3N4, PTCDIs/Pt/g-
3N4 and Pt/PTCDIs nanofibers.

25]. Despite the different morphologies, both PTCDI nanostruc-
ures form extended 1D charge carrier pathways (enabled by the
–� stacking) and have large surface area, making them appropri-
te for comparative photocatalytic investigation.

.4. Photocatalytic H2 production

Photocatalytic H2 evolution reactions were performed in aque-
us solutions with 10% (by volume) triethanolamine as the
acrificial electron donor under visible-light (� ≥ 420 nm)  illu-
ination. As shown in Fig. 5, steady H2 evolution from the

TCDI/Pt/g-C3N4 systems are observed with production rate up
o 0.375 �mol  h−1 obtained for PTCDI-1/Pt/g-C3N4, which is about
en times higher than that of Pt/g-C3N4. Furthermore, Pt/PTCDI
anofibers without the g-C3N4 showed much lower activity (ca.
.0225–0.0375 �mol  h−1, Fig. 5) under the same conditions, owing
o the intrinsic inefficient photoactivity of organic dyes without

 semiconductor matrix to act as an efficient charge separator
2]. Thus, a synergetic role is identified for PTCDIs and g-C3N4.
n principle, the mesoporous morphology of g-C3N4 facilitates
he surface deposition of PTCDI (and thus the charge separa-
ion), and mass diffusion during the photocatalytic H2 evolution
eactions [7]. Nevertheless, in both cases, composites contain-
ng symmetric dimethylamino)benzyl substituted PTCDI-1 give
ise to improved photocatalytic activity arising from enhanced
ntramolecular charge separation (due to two electron donor
roups) and higher LUMO orbital than that of asymmetric PTCDI-
. Such intramolecular charge transfer can be also observed from
ig. S4, where neither PTCDI-1 nor PTCDI-2 has fluorescence emis-
ion at white or UV light, demonstrating efficient photoinduced
ntermolecular charge transfer within the �–� assemblies, which is
onsistent with the H2 evolution capabilities of Pt/PTCDI nanofibers
25]. Moreover, as summarized in Table 2, under the irradiation
f monochromatic light with the wavelength of 420 nm,  the AQEs

f different photocatalysts are ranked as PTCDI/Pt/g-C3N4 > Pt/g-
3N4 > Pt/PTCDI nanofiber. PTCDI-1/Pt/g-C3N4 shows the highest
ctivity, which is about sevenfold higher than that of Pt/g-C3N4 and

able 2
he data of the apparent quantum efficiency of various photocatalysts.

Photocatalysts H2 evolution rate/�mol  h−1 AQE/%

Pt/PTCDI-1 nanofiber 0.3 0.024
Pt/PTCDI-2 nanofiber 0.25 0.020
Pt/g-C3N4 0.6 0.048
PTCDI-1/Pt/g-C3N4 3.8 0.31
PTCDI-2/Pt/g-C3N4 2.2 0.17
Fig. 6. Stable H2 evolution from water at PTCDI-1/Pt/g-C3N4. The reaction was  con-
tinued for 72 h, and reset every 24 h.

tenfold higher than that of Pt/PTCDI-1 nanofiber. These AQE data
are quite consistent with the photocatalytic H2 evolution results.

Fig. 6 shows the stability of the photocatalytic activity of PTCDI-
1/Pt/g-C3N4 for H2 generation under visible-light illumination. As
both PTCDI-1 and g-C3N4 are stable under light irradiation in
aqueous triethanolamine solutions [37], the photocatalytic reac-
tion results in a stable H2 evolution rate, although there is still
about 20% decrease during 72 h probably due to separation between
PTCDI and g-C3N4 from stirring. Furthermore, while many dyes suf-
fer from photobleaching [14]. PTCDI-1 and PTCDI-2 are stable. They
can be regenerated by dissolving the reacted composite powders in
CHCl3. Indeed, reused PTCDI-1/Pt/g-C3N4 displayed an equivalent
photocatalytic H2 evolution rate (Fig. S5).

3.5. Tentative mechanism

A “cooperative excitation process” is proposed to explain the
photo-induced charge transfer process that enhances H2 evolution
over PTCDI/Pt/g-C3N4 compared to bare Pt/g-C3N4 or Pt/PTCDIs. As
shown in Fig. 7, under visible-light (� ≥ 420 nm)  illumination, both
PTCDI and g-C3N4 can be excited by absorbing photons. On one
hand, an ultra-fast intramolecular charge transfer occurred; that
is, after the visible-light-driven excitation of PTCDI, electrons are
transferred from the (dimethylamino)benzyl moiety (donor part)
to the HOMO orbital of the PTCDI core (acceptor part). Due to the
presence of large excess of triethanolamine (sacrificial reagent),
the (dimethylamino)benzyl moiety under the oxidation state can
be easily reduced to its ground state, thus preventing the charge
recombination, leaving excited electrons at the LUMO of PTCDI core.
The anionic radical of PTCDI thus formed acts a strong electron
donor. On the other hand, the g-C3N4 is also excited to promote
photo-excited electrons to its conduction band (CB), leaving holes
on its valance band (VB). The latter can be quenched by the elec-
trons transferred from the PTCDI’s LUMO due to their large energy
level difference (driving force). This process inhibits the recom-
bination of photogenerated electron–hole pairs within g-C3N4. It
should be noted that although the electrons transfer from the LUMO
of the PTCDI to the CB of g-C3N4 is possible, the process is quite
weaken due to the small energy level difference (∼0.1 eV). Thus,
the collected electrons in the CB of g-C3N4 are captured by the
loaded cocatalyst Pt nanoparticles, which provide active sites for
the reduction of water to H2 and suppress electron–hole recom-
bination [10]. The electrons are consumed by H2O to complete

the reduction reaction process for H2 production. Consequently,
efficient photoinduced charge separation is achieved both within
PTCDI aggregates (via intramolecular electron transfer) and at
the interface between PTCDI and g-C3N4 (via interfacial electron
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ransfer). As a result, the PTCDI/Pt/g-C3N4 composite photocata-
ysts exhibit a cooperative effect showing a significantly higher H2
roduction than either Pt/g-C3N4 or Pt/PTCDI nanofibers. This coop-
rative behaviour is also demonstrated by the results in Fig. S6,
hich investigates on the effect of the incident light with different
avelengths on the amount of H2 evolution. Under irradiation of

ight with a wavelength of 550 nm (which excites only PTCDIs), the
2 evolution rate is quite low. It is seen that PTCDI aggregates act as

ight-sensitizers and provide electron transport for photocatalytic
2 production from water [33]. Ordered �–� stacking of PTCDI
olecules on the surface of �-conjugated g-C3N4 further enhances

he intra-/inter-molecular charge transfer and separation, which
nhibits the rapid recombination of photoinduced electrons and
oles in PTCDIs/Pt/g-C3N4 composites.

. Conclusions

To summarize, a PTCDI-1/Pt/g-C3N4 composite is demonstrated
s an efficient photocatalyst for visible-light-driven photocatalytic
ater reduction for H2 evolution. The electron donor–acceptor

eature of PTCDI-1 resulting from the presence of electron-rich 4-
imethylaminobenzyl moieties and the �-stacking morphology is
xpected to play critical roles for the application of PTCDIs in this
rea. Because of their organic characteristics, strong visible-light
esponse, good stability, economically viability through low-cost
caling, flexible structural designs, and H2 generation activity, pho-
ocatalyst composites of PTCDIs and g-C3N4 hold great potential
or practical applications in the future. More effort in future will
e spent in tuning electron donor-acceptor structure of PTCDI
olecules, or introducing functional groups attached to PTCDI
olecules that improve anchoring on the matrix of g-C3N4 which

as much regular morphologies, especially, crystalline nanosheets
r porous nanostructures with large surface area.
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