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The  development  of organic  materials  for visible  light  driven  photocatalytic  is regarded  as  one of the
most  promising  avenues  to  solve  environment  and  solar-energy  utilization  issue.  Here,  we  present  that
one-dimensional  supramolecular  organic  nanofibers,  self-assembled  by a carboxy-substituent  perylene
diimide  (PDI) molecule  through  H-type  �-�  stacking  and  hydrogen  bonding,  can  act  as  a  robust  and
effective  photocatalyst  for  both  organic  pollutants  degradation  and water  oxidation  under  visible  light
without  the  apparent  need  for  an  added metal  co-catalysts.  We  corroborate  that  the  highly  efficient
and  stable  activity  of  such  supramolecar  photocatalyst  are  attributed  to  the  introduction  of  terminal
hotocatalyst
-type �-�

tacking
isible light
xygen evolution
igh stability

carboxyl  group,  which  leads  to well-defined  and  stable  H-type  �-�  stacking,  and  constructs  the  internal
electric  field  in supramolecular  nanofibers,  thereby  resulting  in  the  deepening  of  valence  band  (VB)  and
the enhancement  of  migration  and  separation  efficiency  of photo-induced  charge  carriers.  Our  findings
may  help  the  development  of semiconducting-based  organic  supramolecular  materials  for  applications
in  environment  protection  and  water  splitting.

© 2016  Published  by  Elsevier  B.V.
. Introduction

The development of organic materials for water splitting under
isible-light irradiation was regarded as one of the most promis-
ng scenarios for solar-energy utilization [1]. Over the past several
ears, the search for such materials has focused mainly on the
etal-organic frameworks[2] and covalent organic polymers [3–6],

uch as polymeric carbon nitride [3], poly (diphenylbutadiyne)
4] and poly(azomethines) [6]. However, the present progress of
esearch for these organocatalysts was far from the practical appli-
ation owing to their intrinsic disadvantages of low sustainability,
igh cost, potential toxicity, complex synthetic route, poor struc-
ure tunability and limited photo-activity. Moreover, these organic
hotocatalysts were always employed to reduce water rather than
ct as a water oxidant. It is well known that the bottleneck reaction
f water splitting was oxygen evolution due to the large overpoten-
ial and slow kinetics of four-electron charge-transfer process [7].
herefore, the search for active organic photocatalysts that directly

plit water under visible light remains one of the most challenging
asks for solar-energy utilization.

∗ Corresponding authors.
E-mail address: zhuyf@tsinghua.edu.cn (Y. Zhu).

ttp://dx.doi.org/10.1016/j.apcatb.2016.09.037
926-3373/© 2016 Published by Elsevier B.V.
PDI (perylene-3,4,9,10-tetracarboxylic diimide) and its deriva-
tives were regarded as one of the best n-type organic semicon-
ductors and have been widely applied in phosphors [8], switches
[9], sensors [10], organic field-effect transistors (OFETs) [11,12] and
solar cells [13,14] owing to its unique optical and electronic prop-
erties.15 The high thermal and photostability of PDI makes it an
ideal candidate for water oxidation photocatalyst. Recently, the
supramolecular architectures of PDI were employed as antennae
chromophores working with the photocatalysts to construct water
splitting system [16–19], such as PDI-Ni [16], PDI-Ru [17], PDI-TiO2
[18] and PDI-C3N4 [19]. However, in these composite systems, PDIs
were introduced to act as dye-sensitizer rather than photocatalyst.
Very recent, our group demonstrated that the purely unmodi-
fied perylene diimide (PTCDI) supramolecular nonoassemblies can
work as central catalyst to harness visible light to decompose
organic pollutants as well as oxide water [20]. This result offers a
new vista for the development of supramolecular organic materials
in water splitting and waste-water cleaning. However, the photo-
activities of such PTCDI nonoassemblies were still poor, especially
for oxygen evolution (only 2.6 �mol  h−1 g−1). Moreover, limited by
its intrinsic insolubility in organic solvents [15], the supramolecular
self-assembly of PTCDI can be only performed in few special sol-

vents such as concentrated sulfuric acid or m-cresol [21], which
great restrict its structure tunability and photocatalytic perfor-
mance.

dx.doi.org/10.1016/j.apcatb.2016.09.037
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.09.037&domain=pdf
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Herein, we demonstrate that supramolecular nanofibres of
 perylene diimide (PDI) derivative, N,N’-di(propanoic acid)-
erylene-3,4,9,10-tetracarboxylic diimide (Scheme S1a) [22], are
ighly efficient and stable under visible light for photooxida-
ion. The phenol degradation and oxygen evolution rate of such
upramolecular photocatalyst are an order of magnitude higher
han that of unmodified perylene diimide (PTCDI) and g-C3N4.
he photocatalytic activities, morphology and structure of these
upramolecular nanofibers remain unchanged after repeated cycles
n acid condition. The introduction of terminal carboxyl group at
he imides of PDI leads to well-defined and stable H-type �-�
tacking, and constructs the internal electric field in supramolec-
lar nanofibers, which are attributed to the highly efficient and
table activity of such supramolecar photocatalyst. Furthermore,
he effect of intermolecular packing arrangement on supramoleclar
lectronic energy level structure and photocatalytic performance
re investigated by incorporating theoretical and experimental
ethods.

. Experimental section

.1. Preparation of PDI nanofibers

The perylene-3,4,9,10-tetracarboxylic dianhydride, perylene-
,4,9,10-tetracarboxylic diimide, 3-aminopropanoic acid, imida-
ole, n-Propylaminwe were supplied by Aldrich. Dicyandiamide
nd silver nitrate were purchased from Sinopharm Chemical
eagent Corp, P. R. China. All reagents were analytically pure and
sed without further purification.

200.0 mL  stock solution of N, N′-di(propanoic acid)-perylene-
,4,9,10-tetracarboxylic diimide (5.0 mM)  was prepared with
ddition of 834 �L of TEA. The solution thus prepared looked clear,
n red colour. PDI nanofibers were formed by adding 27.3 mL  4.0 M
Cl. It was washed thoroughly with distilled water until the pH of
ashings turned to be neutral. The collected solid was  dried in at

0 ◦C.

.2. Characterizations

UV–vis spectra of PDI were recorded by Hitachi U-3010 UV–vis
pectrophotometer. Morphologies and structures of the prepared
amples were examined by JEM 1200 transmission electron
icroscopy (TEM) at an accelerating voltage of 100 kV. Atomic

orce microscopy (AFM) images were recorded by using a SPM-
700 scanning probe microscope (Shimadzu Corporation). UV–vis
iffuse reflection spectra (DRS) were obtained on a Hitachi U-3010
V–vis spectrophotometer. BaSO4 was used as the reflectance stan-
ard in the experiment. X-ray photoelectron spectroscopy (XPS
LVAC-PHI, Quantera) was used to estimate the VB position of solid
DI SNW. The charge effect was calibrated using the binding energy
f C1s.

The electrochemical and photoelectrochemical were measured
n an electrochemical system (CHI-660B, China). The photoelectric
esponses of the photocatalysts as light on and off were measured
t 0.0 V. A standard three electrode cell with ITO or Pt as a working
lectrode, a platinum disk as a counter electrode, and a standard
alomel electrode (SCE) as reference electrode were used in photo-
lectric studies. 0.1 M Na2SO4 was used as the electrolyte solution.
otentials were given with reference to the SCE. Differential pulse

oltammograms (DPV) was used to estimate the HOMO/LUMO
evels of PDI monomer. The concentration of PDI monomer was

 × 10−5 M.  The supporting electrolyte was 0.1 M NH4PF6. The scan
ate was 100 mV  s−1.
ironmental 202 (2017) 289–297

2.3. Computational methodology

In order to calculate the absolute energy level position of HOMO
and LUMO of �-� stacked PDI aggregates (comprising n = 1, 2, 3
and infinite monomers), vacuum energy level calibration method
was applied. A one-dimensional stack model was  constructed. The
vacuum energy level in the stack is zero. The ionic positions of the
starting structures in the stack were optimized by the projector
augmented wave (PAW) method with the Perdew-Burke-Ernzerhof
including dispersion (PBE-D) exchange correlation functional in the
Vienna ab initio simulation package (VASP, version 5.3.2) [23,24].
Throughout the calculations, the convergence criterion of the total
energy was  set to 10−5 eV in the self-consistent field iteration. The
cutoff energy for the plane-wave basis set was set to 600 eV. The
k-mesh of 1 × 1 × 1 was  used for monomer, dimer and trimer; and
that of 1 × 1 × 4 was  applied for the infinite stacked PDI aggregation.
The cutoff radius for pair interactions was  set to be 50 Å.

2.4. Photocatalytic experiments

The photocatalyst powders (50 mg)  were dispersed by a mag-
netic stirrer in 100 mL  of AgNO3(aq) in a reaction cell. The visible
light source was  obtained by a 300 W xenon lamp with cutoff filter
(>420 nm)  or bandpass filter (500, 550 . . . 700 ± 15 nm). The irradi-
ance was measured to be 152 mW/cm2 (CEL-NP2000). The amount
of evolved oxygen was  determined using a gas chromatograph
(GC7920, TCD, Ar carrier). For quantum efficiency measurements,
bandpass filter (600 ± 15 nm)  was used with the irradiance was
measured to be 48 mW/cm2. The quantum yield was  calculated
from the percentage of the number of reacted electrons during O2
evolution to the number of incident photons.

The photodegradation reactions were carried out in quartz tube
reactor with a 50 mL  5 ppm phenol solution and 25 mg photocat-
alyst powders. The pH of solution was adjusted by 0.1 M HCl or
0.1 M NaOH. The visible light source was obtained by a 500 W xenon
lamp with cutoff filter (>420 nm). Before irradiation, the suspen-
sion solution was first ultrasonic dispersed in dark for 15 min and
then magnetically stirred for 1 h to reach the adsorption-desorption
equilibrium. At given time intervals, 2.5 mL  solution were sampled
and centrifuged to remove the photocatalysts. The concentration of
phenol characterized using HPLC (Lumtech) system. Venusil XBP-
C18 (250 mm × 4.6 mm i.d., 5 �m)  reversed phase column was  used.
The degradation process was fitted to pseudo-first-order kinetics,
and the value of the rate constant k was  equal to the corresponding
slope of the fitting line.

3. Results and discussion

3.1. Morphology and �-� stacking structure of PDI nanofibers

The morphologies of as-prepared PDI supramolecular building
blocks were investigated by SEM, TEM and AFM observations. The
untreated PDI sample exhibits a morphology of irregular micro-
rod (denoted as bulk PDI, Fig. 1a and S1). The supramolecular PDI
nanofibers (denoted as nano PDI) were prepared via a pH trig-
gered hydrogelation method developed by Zang et al. (Scheme
S1b) [22]. Typically, bulk PDI was first dissolved by the solution
of trimethylamine (TEA), which resulted in homogeneous solu-
tion of PDI with clear red colour. And then red brown gel of PDI
was separated out after dropwise adding the HCl. After regrowth,
well-defined nanofibers were formed only by �-� stacking and

hydrogen bonding (Fig. 1c) with a diameter of ∼20–50 nm and a
length of ∼0.8–1.2 �m (Fig. 1b and S2). The height profile of atomic
force microscopy (AFM, Fig. S3) confirms that the diameter of a
single nanofiber was  about 27 nm.  It is well known that the mean
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ig. 1. (a, b) Transmission electron micrograph (TEM) images of bulk PDI (a) and n
-�  stacking and hydrogen bonding. d, UV–vis absorption spectra of PDI monomer 

DI  powders. f, The UV–vis diffuse reflection spectra (DRS) of bulk PDI and nano PD

ree path of organic materials (∼10 nm)  was shorter than that of
norganic materials (∼100 nm). Therefore, the nanoscale of these
upramolecular building blocks was important to the migration
fficiency of photo-induced charge carriers. Moreover, the specific
urface area (BET) of nano PDI was 41.62 m2/g with a bore diam-
ter about 20 nm (Fig. S4), which was much larger than that of
ulk PDI (Table S1). Small size and large specific surface area of
DI nanofibers are benefit to its photocatalytic activity.

The introduction of short carboxylic acid side chains not only
nables sufficient water solubility, but also facilitates the columnar
taking between the perylene backbones. The strong �-� stacking
nteractions of PDI molecules in self-assembled supramolecular can
e revealed from UV–vis absorption spectra, X-ray diffraction (XRD)
nd micro-Raman spectra. The UV–vis absorption spectra of PDI
onomer and PDI nanofiber gel were shown in Fig. 1c. The absorp-

ion spectrum of PDI dissolved in H2O/CH3OH (v/v = 1:1, Scheme
1b) shows three pronounced peaks in the range of 400–550 nm,
hich correspond to the 0-0, 0–1 and 0–2 electronic transitions of
onomeric PDI molecules, respectively (black dotted curve) [15].

fter self-assembly, the maximum absorption has a great blue-shift
nd the fine curve structure of absorption spectrum was lost, indi-
ating the strong H-type �-� stacking between the PDI skeletons
n supramolecular nanofibers (red curve) [25].

Fig. 1d shows the solid XRD patterns of bulk PDI and nano
DI samples. No significantly changes in crystal structure can be
bserved. However, the intensity of diffraction decreased obviously
fter regrowth because of the nanoctystalline of PDI supramolecu-

ar block. The typical d-spacing of �-� stacking was  ∼3.34–3.55 Å
22], corresponding to the P1 peak in the XRD patterns. It is clear
hat the intensity of P1 peak was in the bulk PDI sample lower
I (b). c, Schematic diagram showing the self-assembling process drived by strong
n and nano PDI suspension. e, Experimental XRD patterns of the bulk PDI and nano

ders.

than that of P0 peak. On the contrary, the relative intensity of P1
to P0 (AP1/AP0 > 1) in nano PDI was  reversal of that of bulk PDI
(AP1/AP0 < 1). The increase of relative intensity of P1 peak in PDI
nanofibers indicates that higher order �-� stacking was formed
after regrowth. Moreover, the typical XRD peak (P1) of �-� stack-
ing for nano PDI appeared at a higher angle. Such an observation
indicates that d-spacing of �-� stacking in nano PDI (0.34 nm)  was
smaller than that of bulk PDI. Higher order �-� stacking and smaller
d-spacing of �-� stacking results in long-range electrons delo-
calization the high density of electron cloud overlap, which was
benefit to the migration of charge carriers.

The Raman spectra of bulk PDI and nano PDI samples exhibit
several Raman modes with frequencies of 1318 cm−1, 1394 cm−1,
1471 cm−1, 1589 cm−1, 1602 cm−1 (Fig. S5). No significantly
changes in Raman frequency can be observed, indicating the crys-
tal phase of PDI was  stay during regrowth. The 1602 cm−1 Raman
active normal mode corresponds to the shrinking of the perylene
aromatic ring core coupled to the C O antisymmetric and the
stretching of the in-plane C C/C C, which was  sensitive to the �-�
stacking intermolecular interactions [14]. In contrast, Raman mode
of CH in plane bending at 1318 cm−1 was  insensitive to the �-�
stacking intermolecular interactions [14]. Therefore, we can uti-
lize the 1602 cm−1/1318 cm−1 Raman intensity ratio as an effective
marker to monitor the degree of �-� stacking in PDI [26]. The rel-
ative intensity of 1602 cm−1 to 1318 cm−1 in nano PDI sample was
about 0.67, which was higher than that of bulk PDI (0.44), indicating
higher order �-� stacking in nano PDI.
Fig. 1f shows the light absorption characters of bulk PDI and nano
PDI samples. Both bulk PDI and nano PDI can absorb solar energy
with a wavelength shorter than ∼650 nm,  which virtually cover full
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Fig. 2. a, Top: Schematic diagram showing the frontier molecular orbitals of PDI molecule; Bottom: d-spacing of �-� stacking. b, Energy diagram representing the theoretically
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valuated HOMO and LUMO levels of �-� stacked PDI aggregates (comprising n =
f  �-� stacking. d, Mott–Schottky plots of bulk PDI and nano PDI samples; count
pectroscopy (XPS) valence band spectrum of nano PDI. f, Diagram representing ex

pectrum of visible light. Compared to bulk PDI, the nano PDI sam-
le exhibits a higher absorbance and wider spectrum response. The
bsorption edges of bulk PDI and nano PDI were about 712 nm and
34 nm,  corresponding to the bandgaps about 1.74 eV and 1.69 eV.
enerally, the nanoctystalline of materials always lead to blue shift
f absorption edge, whereas the nanoctystalline of PDI supramolec-
lar block leads to a red shift of absorption edge in our research.
uch abnormal phenomenon in our study can be attributed to the
arrowing of bandgap caused by �-conjugated system, which will
e further discussed as follows.

.2. Electronic properties of PDI nanofibers

The top of Fig. 2a shows the calculational frontier orbitals of PDI
olecule. It was found that both LUMO and HOMO levels of PDI
olecule consist of carbon and oxygen elements only from pery-

ene core. The two nitrogen positions at the imides of perylene core
ere nodes in the �-orbital wave function [27]. In other word, the

ntrinsic electronic property of PDI cannot be affect by side chains
ubstituent groups [28]. Since the side chains have no significant
ffect on the electronic property of PDI molecule, the electronic
tructure of PDI supramolecular blocks was mainly dependent on
he �-� stacking [29]. Here, the influence of H-type �-� stacking on
he electronic structure of PDI nanofibers were investigated com-
ined with theoretical and experimental methods. For theoretical

tudy, ab initio density functional theory (DFT) calculations have
een carried out. In view of the fact that accurate stacking model
f PDI nanofibers cannot be established due to the absence of crys-
allographic parameters, an ideal model of quasi-one-dimensional
 and infinite monomers). c, Projected DOS of PDI aggregates with infinite degree
trode: Pt. electrolyte: 0.1 M Na2SO4, frequency: 100 kHz; e, X-ray photoemission

entally evaluated HOMO (VB) and LUMO (CB) levels of bulk PDI and nano PDI.

H-type �-� stack was  employed to investigate the effects of H-
type �-� stacking on electronic properties of PDI aggregates (Top
of Fig. 2b). The d-spacing of �-� stacking for PDI molecules was set
to be 0.34 nm according to XRD analysis above (Bottom of Fig. 2a).
Vacuum energy level calibration method was  applied to calculate
the absolute energy level position of HOMO and LUMO  of PDI aggre-
gates. The ionic positions of the starting structures in the stack
were optimized by the projector augmented wave (PAW) method
with the Perdew-Burke-Ernzerhof including dispersion (PBE-D)
exchange correlation functional in the Vienna ab initio simulation
package (VASP, version 5.3.2) [23,24]. The LUMO/HOMO levels of
PDI monomer were calculated to be −4.49/−5.93 eV, yielding an
energy gap of ∼1.44 eV (Table S2), which was  much smaller than
the experimental value (2.25 eV) [30]. The underestimation of band
gap was attributed to the deficiency of DFT in the band gap calcula-
tion. Upon �-� stacking, the calculated bandgap of PDI  decreased
obviously, and the absolute energy levels of HOMO and LUMO were
both lowered (Fig. 2a, Table S2). Contrary to the isolated perylene
diimide molecules with discrete energy levels, semiconductor-like
continuous energy levels were formed upon �-� stacking (Fig. 2c).

The influence of H-type �-� stacking on the electronic struc-
ture was  further confirmed by experimental results. The absolute
energy levels of bulk PDI and nano PDI were evaluated by Mott-
Schottky plots, UV–vis diffuse reflection spectra (DRS) and X-ray
photoemission spectroscopy (XPS) valence band spectra measure-

ments. The bottom of conduction band for bulk PDI and nano PDI
can be estimated by the Mott-Schottky plots. As shown in Fig. 2d,
the flat band potential (Efb) for bulk PDI and PDI nanofibers were
−0.40 V, −0.21 V vs. SCE (pH = 7), respectively. For n-type semicon-
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ano  PDI under visible light. c, Oxygen evolution from water by bulk PDI, nano P
avelength-dependent oxygen evolution by nano PDI (Band pass filter, 500 ± 15, 5

uctors, the bottom of conduction band (CB) is 0.2 V higher than
hat of Fermi level. Therefore, the CB of bulk PDI and PDI at nor-

al  hydrogen electrode (NHE, pH = 7) can be calculated using the
ollowing equation:

CB(NHE, pH = 7) = Efb(SCE, pH = 7) + 0.24 − 0.2 (1)

The results reveal that the CB position of bulk PDI and nano PDI
ere about −0.36 V and −0.17 vs. NHE (Fig. 2e). According to the

and gap (1.74 eV and 1.69 eV), the valence band (VB) position of
ulk PDI and nano PDI were estimated to be +1.38 and +1.52 V vs.
HE. The schematic diagram of energy level of bulk PDI and nano
DI were summarized in Fig. 2f. The CB/VB of bulk PDI and nano
DI were evaluated to be −0.36/ + 1.38 V and −0.17/ + 1.52 V. It is
lear that the VB position of nano PDI was deeper than that of bulk
DI. This result can be further confirmed by X-ray photoemission
pectroscopy (XPS) valence band spectra as shown in Fig. 2e. The

eeper VB position means stronger oxidation ability of holes for
hotooxidation.

By incorporating theoretical and experimental methods, we
emonstrated that the more favourable H-type �-� stacking in
nd g-C3N4. b, Total organic carbon (TOC) removal rate for phenol (10 ppm) over
CDI and g-C3N4 in the presence of an electron acceptor (10 mM silver nitrate). d,
5, . . .,  700 ± 15 nm).

nano PDI leads to a narrowing of band gap, and lowers both VB
and CB levels. Narrow bandgap (1.69 eV) facilitates induced charge
carriers under visible light. And the deeper VB position (+1.52 V)
leads to stronger oxidation ability of holes for photooxidation.

3.3. Photooxidation performance of PDI nanofibers

As a traditional antennae chromophore, PDIs were used to
work with the central catalysts (especially for metal catalyst cen-
ter) to construct water splitting system [17,18]. In our work, PDI
nanofibers can be used as a visible-light active photocatalyst with-
out the apparent need for an added metal co-catalysts. Energy
dispersive X-ray (EDX) spectroscopy analysis (Fig. S6) and EDX
mapping (Fig. S7) measurements were performed to investigate
the purity of PDI nanofibers, and the results confirm that the PDI

nanofibers sample was  without doubt pure. These results indicate
that such pure supramolecular organic photocatalyst can harness
visible light to split water and decompose phenol without the assis-
tant of co-catalyst.
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Fig. 4. a, Photodegradation curves for phenol (5 ppm) over nano PDI at different pH = 3, 7 and 9. b, Degradation rate constants k of phenol at pH = 3 and 7 during recycling
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ests.  (c, d) TEM images of the nano PDI after degradation of phenol at pH = 3 (c) and
atalysis at pH = 3 and 7. f, UV–vis spectra of the suspension solution of nano PDI be
he  references to color in this figure legend, the reader is referred to the web  versio

Organic pollutions decomposition experiments were carried out
nder visible light. In view of photosensitization of organic dyes,
e choose phenol as the main model pollutant due to its stabil-

ty under visible light irradiation without catalyst. What’s more,
ark adsorption experiment of phenol exhibits that there was  no
bviously adsorption distinction over the as-prepared photocata-

ysts (Fig. S8). For comparison purposes, the performance of bulk
DI, unmodified perylene diimide (PTCDI) and g-C3N4 (typical poly-
eric photocatalyst), under the same experimental conditions,
ere also shown (Fig. 3a). It was found that the process of phe-

ol decomposition over PDI nanofibers was obviously quicker than
hat of bulk PDI, PTCDI and g-C3N4. The apparent reaction rate was
stimated to be as high as 0.129 h−1, which was about 20.2, 10.7
nd 12.8 times higher than that of bulk PDI, PTCDI and g-C3N4.
he typical HPLC spectrum of phenol degradation of nano PDI was
hown in Fig. S9. The peaks appeared at low retention time can be
ttributed to intermediate products of phenol oxidation including
ydroquinone (HQ), p-benzoquinone (p-BQ) and catechol. Further-
ore, the total organic carbon (TOC) measurements were also

arried out and the results further confirm the strong photoox-
dative ability of nano PDI (Fig. 3b). What’s more, PDI nanofibers

ere also proved to be photoactive in the degradation of other com-
on  organic pollutions, such as methylene blue/MB (cationic dye),
ethyl orange/MO (anionic dyes) and bisphenol A/BPA (phenolic

ompounds) (Fig. S10).

The strong photooxidative ability of such supramolecular

hotocatalyst can be further certified by the water oxidation exper-
ments. The photocatalytic oxygen evolution tests were carried out
7 (d) under visible light irradiation. e, FT-IR spectra of the nano PDI before and after
red dotted line) and after (black solid line) catalysis at pH = 7. (For interpretation of
is article.)

under visible light irradiation. Silver nitrate solution (0.01 M) was
elected as an electron acceptor. Simliarly, nano PDI exhibits more
superior photocatalytic activities, which was about 19.8, 10.2 and
4.7 times higher than that of bulk PDI, PTCDI and g-C3N4 (Fig. 3c).
Note that the photocatalytic activity of bulk PDI was  quite poor both
in oxygen evolution and phenol degradation. The enhanced photo-
catalytic activities of PDI nanofibers were attributed to higher order
�-� stacking and nanoctystalline.

More interestingly, such supramolecular photocatalyst exhibits
broad spectral response owing to its narrow banggap (Fig. 3d). The
trends of oxygen evolution rates of PDI nanofibers match well with
its optical absorption. The quantum efficiency at the wavelength
of 600 ± 15 nm was  estimated to be at least 0.56%. Water oxidation
reaction can be conducted even in near-infrared region (∼700 nm).
Broad spectral response was of importance to the utilization of solar
energy.

Due to the introduction of terminal carboxy group, the photocat-
alytic activity and stability of nano PDI were dependent on pH value
of reaction solution. As shown in Fig. 4a, nano PDI exhibits supe-
rior photodegradation performance at neutral (pH = 7) and acidic
conditions (pH = 3), whereas the photocatalytic activity at alkaline
solution (pH = 9) was quite poor. The lose of activity at alkaline
solution can be attributed to the depolymerization of nano PDI
owing to the deprotonation of PDI molecules. At pH = 9, the inter-
molecular hydrogen bonding between neighbouring carboxy group

was destoryed. As a result, nano PDI depolymerized into molecu-
lar PDI. Compared to the supramolecular PDI blocks, PDI molecule
shows much lower photocatalytic activity. This result reveals that
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ig. 5. a, Photocurrents of PDI monomer, bulk PDI and nano PDI without bias unde
hain  substituted PDI (defined as PDI-CH3) supramolecular nanofibers. c, Photocu
ottom: Schematic diagram showing the migration of carriers in quasi-one-dimens

he effective photocatalytic activity can be observed only when the
elf-assembly of PDI occurred, which will be further discussed as
ollows.

Furthermore, we found that nano PDI shows different stability at
eutral and acidic conditions. The photocatalytic activity does not
ecrease at pH = 3 even after five cycles, whereas appreciable loss of
ctivity can be found at pH = 7 (Fig. 4b). Meanwhile, investigation on
he morphology of nano PDI shows that the morphology was main-
ain nanofibers at pH = 3 (Fig. 4c). In constrast, only nanopartilces
an be found at pH = 7 after five cycles (Fig. 4d). Interestingly, no
ifferences have been found in FT-IR spectra of the nano PDI before
nd after catalysis either at pH = 3 or 7 (Fig. 4e), indicating that the
olecule structure of PDI does not change during photocatalytic

eaction. Fig. 4f shows the UV–vis spectra of the suspension solution
f nano PDI before and after catalysis at pH = 7. It was  clear that a

ew broad band emerged at 550–650 nm after catalysis, which can
e belonged to J-type �-� stacking of PDI [31]. PDI supramolec-
lar blocks with J-type �-� stacking structure was  usually used
le light (>420 nm). b, Transmission electron micrograph (TEM) image of alkyl side
 of nano PDI and PDI-CH3 nanofibers. d, Top: Polarity structure of PDI  molecule;
H-type �-� stacking model.

as fluorescent materilas [31–33]. The recombination rate of photo-
induced carrier in J-type aggregates was  much higher than that of
H-type aggregates, which may  have side effects to the photocataly-
sis. The stability of nano PDI in acidic conditions may  be attributed
to strong hydrogen bonding interaction between carboxy group,
which can stablize the H-type �-� stacking of PDI. These results
attest that shuch PDI supramolecular nanofibres were very stable
photocatalysts in acidic conditions.

3.4. Photocatalytic mechanism of PDI nanofibers

The photocurrent tests were carried out without bias under vis-
ible light (>420 nm). As shown in Fig. 5a, PDI monomer can hardly
generate any photocurrent, while all of bulk PDI, nano PDI can

exhibit photocurrent response under visible light. These results
reveal that only when the self-assembly of PDI occurred, the effec-
tive photocarriers separation can be observed. What’s more, the
current intensity of nano PDI was  much larger than that of bulk
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Fig. 6. (a, b) Electron paramagnetic resonance (ESR) spectra of nano PDI in DMSO solvents (a) and water (b). c, Plots of photogenerated carriers trapping in the system of
photodegradation of phenol by nano PDI.
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ig. 7. a, Diagram representing electronic properties of PDI nanofibers. b, Mechanis

DI. The enhanced photocurrent indicates a higher separation effi-
iency of photocarriers, which was attributed to the nanoctystalline
nd the higher order �-� stacking in nano PDI. It was  found
hat the internal electric field caused by carboxyl side chain of
DI molecule also plays crucial role in separation of photocarriers
nd photocatalytic activity. To further investigate the role of car-
oxyl side chain, alkyl side chain substituted PDI supramolecular
defined as PDI-CH3, detail synthesis information was  shown in ESI)
anofibers were prepared (Fig. 5b). The photocurrent responses of
DI supramolecular nanofibers with and without carboxyl were
hown in Fig. 5c. The results reveal that the photocurrent response
ecreases obviously when the carboxyl was removed. Moreover,
DI-CH3 supramolecular nanofibers cannot split water for oxygen
volution under visible light (Fig. S12). Compared to the alkyl side
hain, carboxyl group was more active for charge transport. The
olar structure of PDI was shown in top of Fig. 5d. Because of the
igh electron affinity of perylene core, the intramolecular polar-

zation was constructed from perylene core to imide substituents.
he intramolecular polarization of PDI molecule contributes to
he formation of internal electric field in nano PDI, which in turn
enefits the separation and migration of photogenerated carriers.
nder irradiation, the photogenerated electrons tend to remain in

he core of PDI and transport through the direction of quasi-one-

imensional �-� stacking, while holes prefer to migrate outside
Bottom of Fig. 5d).

To detect the active species of nano PDI during photocatalysis,
he electron paramagnetic resonance (ESR) technique and trapping
harges separation and photocatalytic reaction of PDI nanofibers under visible light.

experiments were carried out. The superoxide radical (•OH) and
hydroxyl radical (•O2

−) can be detected by ESR technique using
different solution. In the solution of DMSO, a noticeable signal of
quartet can be observed under visible light irradiation, indicat-
ing that existence of •O2

− (Fig. 6a). In contrast, no signal can be
observed both with/without irradiation in water, suggesting that
there was no •OH in this supramolecular system (Fig. 6b). Such
results can be further confirmed by trapping experiments. Fig. 6c
shows the photodegradation tests of phenol with the addition of
hole scavenger (potassium iodide, KI) [34], superoxides radical
scavenger (p-benzoquinone, p-BQ)[35] and hydroxyl radical scav-
enger (tert-Butanol, t-BuOH) [34] under visible light irradiation,
respectively. The addition of t-BuOH has no effect on the photocat-
alytic degradation of phenol. On the contrary, the photocatalytic
activity reduces drastically with the addition of KI and p-BQ, indi-
cating that the hole (h+) and superoxide radical (•O2

−) are the main
oxidative species in photocatalytic process of PDI nanofibers.

Based on the discussion above, a possible photocatalytic mech-
anism of nano PDI was proposed as shown in Fig. 7. Firstly, organic
semiconducting electronic structure was constructed through the
self-assembly of PDI molecules. The H-type �-� stacking in PDI
nanofibers leads to a great narrowing of band gap, and moves
down both HOMO (VB) and LUMO (CB) levels. As a result, the elec-

trons and holes can be generated in conduction and valence band
respectively under near-infrared spectral irradiation owing to its
narrow band gap (1.69 eV). Deep valence band position (+1.52 eV)
facilitates holes to overcome the large overpotential of oxygen evo-
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ution (Fig. 7a). Secondly, benefit to the terminal carboxy group,
ell-defined H-type �-� stacking can be formed in supramolecu-

ar nanofibers. Long-range electrons delocalization in �-� stacking
reat promotes the migration efficiency of photo-induced charge
arriers. Meanwhile, the internal electric field formed between
erylene core and carboxylic substituents enhanced the separa-
ion efficiency of charge carriers, which was responsible for the
nhancement of photocatalytic performance (Fig. 7b).

. Conclusion

In conclusion, an one-dimensional supramolecular nanofibers
hotocatalyst based on carboxy-substituent perylene diimide
ave been developed. Such purely organic PDI supramolecular
anofibers exhibit superior photocatalytic activity both in organic
ollutions degradation and water oxidation under visible light
ithout assistance of co-catalyst. Most importantly, these photo-

atalysts were demonstrated to be very stable with cycling at acidic
ondition, which crucial for industrial applications. Unique one-
imension �-conjugated delocalization and internal electric field

n supramolecular nanofibers result in the highly efficient excita-
ion, separation and migration of carriers, which was demonstrated
o be the key factor to the photocatalysis process. The catalyst has
he advantages of sufficiently efficient, robust, earth-abundant and
road spectral response. The present results may  offer a new vista
or the development of supramolecular organic semiconductor in
nvironmental protection and water splitting.
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