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ABSTRACT: P3HT-coupled CdS heterostructured nanophotocatalysts have been
synthesized by an inexpensive and scalable chemical bath deposition approach
followed by drop casting. The presence of amorphous regions corresponding to
P3HT in addition to the lattice fringes [(002) and (101)] corresponding to
hexagonal CdS in the HRTEM image confirm the coupling of P3HT onto CdS. The
shift of π* (CC) and σ* (C−C) peaks toward lower energy losses and prominent
presence of σ* (C−H) in the case of P3HT−CdS observed in electron energy loss
spectrum implies the formation of heterostructured P3HT−CdS. It was further
corroborated by the shifting of S 2p peaks toward higher binding energy (163.8 and
164.8 eV) in the XPS spectrum of P3HT−CdS. The current density recorded under
illumination for the 0.2 wt % P3HT−CdS photoelectrode is 3 times higher than that
of unmodified CdS and other loading concentration of P3HT coupled CdS
photoelectrodes. The solar hydrogen generation studies show drastic enhancement
in the hydrogen generation rate i.e. 4108 μmol h−1 g−1 in the case of 0.2 wt %
P3HT−CdS. The improvement in the photocatalytic activity of 0.2 wt % P3HT−CdS photocatalyst is ascribed to improved
charge separation lead by the unison of shorter lifetime (τ1 = 0.25 ns) of excitons, higher degree of band bending, and increased
donor density as revealed by transient photoluminescence studies and Mott−Schottky analysis.
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1. INTRODUCTION

Converting solar radiation into energy and storing it for later
use in an economically viable way is the major challenge in the
quest to replace fossil fuels with renewable energy. An
integrated electrochemical system to generate oxygen and
hydrogen (an energy carrier) via splitting water using solar
radiation is one of the promising approaches to mimic
photosynthesis. A variety of electrocatalysts/photocatalysts
(ranging from semiconducting to supramolecular, viz., metal
oxides, nitrides, phosphides, sulfides; Pt- and ruthenium
complexes) are being explored for solar water splitting, but
their overall efficiency is limited.1−12 Such limitation of the
efficiency is mainly due to the poor control over the
recombinations of photogenerated charge carriers (excitons).13

The conversion of photons into electrons (e−) in a photo-
catalyst comprise of intriguing elemental processes such as light
absorption, charge migration, charge separation, recombination,
and fast excitons transport to the catalytic site. To tune these
processes, we adopted the “bulk-heterojunction” strategy for
organic photovoltaic (OPV), in which a mixture of donors (viz.,
regioregular poly(3-hexylthiophene) (P3HT) and acceptors
(viz. (6,6) phenyl C61 butyric acid methyl ester (PCBM)) are
used to increase donor−acceptor interface and enhance exciton

dissociation.14 Despite the exploration of a range of organic
photocatalyst for solar hydrogen generation, both the efficiency
and stability achieved are inferior to those observed for
inorganic semiconducting photocatalysts.12,15−17

An alternative approach is to integrate organic and inorganic
materials to design heterostructured photocatalysts. Such
heterostructure imparts the synergized properties such as
high charge carrier mobility, high absorption coefficient in
visible light, and high dielectric permittivity (reduces the charge
separation distance at the interface), arising from both the
organic and inorganic counterparts, respectively. Which, in
turn, may lead to improved charge separation at the
heterointerface and reduces the geminate recombination
probability.18,19 Nonetheless, there are few reports on the
development of heterostructured photocatalyst based on
organic−inorganic heterojunction.20−23
To take advantage of the properties associated with organic

hole transporting polymer and inorganic semiconductor, we
have coupled P3HT onto CdS to form heterostructured
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photocatalyst. The detailed studies on the charge carrier
dynamics and its correlation with the photoelectrocatalytic
water splitting and photocatalytic hydrogen generation activity
have been undertaken. P3HT is semicrystalline, tends to form
lamellar structure, and thus may lead to enhancement of the
charge transport and hole mobility up to 0.1 cm2 V−1 s−1.22 It
also has an absorption edge toward the red region of the solar
spectrum, matching with that of photosystem-II and enabling it
to absorb a broad range of solar radiation. On the other hand,
CdS has an appropriate band energetics with P3HT to form
donor−acceptor heterostructured photocatalyst. The coupling
of CdS with P3HT may give rise to a heterointerface that may
lead to enhancement of the exciton dissociation and charge
collection processes. In addition, it is also expected to inhibit
the photocorrosion of the CdS by its known hole (h+)
transporting property. In this study, we report the facile
synthesis of P3HT-modified CdS heterostructured photo-
catalyst and its potential application in the photoelectrochem-
ical water splitting reaction and photocatalytic hydrogen
generation. The detailed results on the structure of the
heterostructured photoelectrodes, their photocatalytic activity,
solar H2 generation efficiency, and charge carrier dynamics
investigated using HRTEM, electron energy loss spectroscopy,
X-ray photoelectron spectroscopy, time-resolved photolumi-
nescence spectroscopy, carrier density, and Mott−Schottky
analysis are presented.

2. EXPERIMENTAL SECTION
Indium tin oxide (ITO, SPI Supplies) was used as substrate for
depositing cadmium sulfide (CdS) thin films. Cadmium nitrate tetra
hydrate and thiourea used for the synthesis of CdS and chloroform
were obtained from Merck. Poly(3-hexylthiophene-2,5-dilyl) (P3HT)
was obtained from Aldrich.
2.1. Synthesis of CdS Thin Films. To grow CdS thin film, we first

cleaned ITO substrate with acetone/isopropyl alcohol/deionized
water. Then, 1.2 mL of 1 M cadmium nitrate solution was taken in
a reaction vessel and mixed with 0.2 mL of ethanolamine (EA) to form
a stable and clear Cd-EA complex solution. The pH of the resulting
solution was measured using pH meter and found to be ∼10.78. Then
1.2 mL of 1 M thiourea was added to this reaction mixture. The
reaction vessel was heated at 85 °C. A precleaned ITO glass substrate
(1.5 × 1.2 cm) was dipped into the reaction solution at an angle so
that its conducting side faced downward, and the thin film was allowed
to grow for 40 min. The CdS deposited ITO was taken out from the
reaction vessel and subjected to thorough washing with deionized
water, and subsequently allowed to dry at 80 °C.
2.2. Preparation of P3HT Solution. Four different concen-

trations of P3HT solution (1, 2, 5, and 10 mg mL−1) were prepared by
adding appropriates amount of P3HT to 5 mL of chloroform and
stirring overnight. A dark orange color solution was obtained.
2.3. Fabrication of Heterostructured Films. Approximately 0.2

mL of P3HT solutions were drop casted separately onto
presynthesized CdS thin films and allowed to dry under ambient
conditions.
2.4. Structural Characterization. To explore nano structural

information, samples were subjected to transmission electron
microscopy (TEM) investigation, carried out using an FEI Tecnai
G2 F30, S-Twin microscope operating at 300 kV. The TEM is
equipped with a scanning unit and a high-angle annular dark-field
(HAADF) detector from Fischione (model 3000). Electron energy
loss spectroscopy (EELS) was carried out using a post column Gatan
Quantum SE (model 963 SE) in the same microscope. The sample
was dispersed in ethanol using ultrasonic bath, mounted on a carbon
coated Cu grid, dried, and used for TEM measurements. X-ray
photoelectron spectrometry (XPS) measurements were carried out
using multichamber XPS (PREVAC, Poland). All the binding energies

were calculated keeping C 1s peak at 284.6 eV of the surface
adventitious carbon as a reference.

2.5. Optical Properties (Band Gap Energy). The optical
properties (band gap, Eg) were examined using a UV−vis
spectrophotometer (UV-2450 SHIMADZU).

2.6. Photoluminescence Studies. Steady state emission of
P3HT−CdS thin films were recorded using Edinburgh, FLS 980
Fluorescence spectrometer. Time-resolved photoluminescence decay
measurements were carried out using a time-correlated single-photon
counting (TCSPC) spectrometer (Edinburgh, FLS 980). A diode laser
(470 nm) was used as the excitation source, and a photomultiplier
(Hamamatsu R928P) was used as the detector (response time 120 ps).
The IRF was recorded by scattering solution (dilute Ludox solution in
water) in place of the sample. Time-resolved photoluminescence decay
profiles were analyzed by nonlinear least-squares iteration procedures
using FLS 980 decay analysis software using eq 1 The quality of the fit
is accessed by the chi-square (χ2) values between 1 and 1.3 and
distribution of residuals.

= + + +τ τ τ− − −A B e B e B eFit t t t
1 1

( / )
2

( / )
3

( / )1 2 3 (1)

2.7. Photoelectrocatalysis. To undertake the photoelectrochem-
ical studies, CdS thin films and P3HT modified CdS thin films were
converted into electrode by making ohmic contact with Cu wire using
silver paint and epoxy. An aqueous solution containing 0.1 M Na2S
and 0.14 M Na2SO3 (pH ∼ 12.4) was used as an electrolyte, unless
otherwise mentioned. The photoelectrochemical behavior of these
photocatalyst samples was studied using a potentiostat (Princeton
Applied Research). Ag/AgCl and Pt were used as a reference and
counter electrode, respectively. A monochromator consisting 500 W
xenon−mercury lamp was used as a light source to determine the
IPCE (incident photon to current efficiencies) for unmodified and
P3HT modified CdS. A 150 W Solar simulator (Hi-Tech) equipped
with an AM1.5G filter was used as a light source for photo-
electrochemical water splitting reaction. Mott−Schottky data was
recorded using IVIUM electrochemical workstation at 1 kHz.

2.8. Photocatalytic Hydrogen Generation. The photocatalytic
hydrogen production activities of unmodified and P3HT modified
CdS photocatalyst were measured under illumination using 150 W
Solar simulator (Hi-Tech) equipped with an AM 1.5G filter. The
photocatalysts (scratched from the films) were dispersed in 0.1 M
Na2S and 0.14 M Na2SO3 solution (5 mL) taken in a photocatalytic
cell. The solution in the cell was purged with nitrogen gas for 15 min
to remove all the dissolved gases. The evolved gases were characterized
using a PerkinElmer Clarus 480 gas chromatograph with a TCD
detector. The room temperature was maintained at 25 °C.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis of Heterostructured P3HT−

CdS Thin Films. The XRD pattern recorded for CdS thin film
exhibits the formation of hexagonal phase of CdS predom-
inantly (Figure S1, Supporting Information). As shown in
Figure 1A, the SEM image recorded for CdS thin film shows a
porous network of interconnected thin flakes similar to the
microstructure of a leaf (porous structure in natural leaf leads to
enhancement of light harvesting up to 20% by internal
reflection).24 Such porous flaky structures are anticipated to
provide high surface area and higher light harvesting for
photocatalytic reactions. The partial filling of pores and
thickening of walls of the CdS film can be seen in SEM
image, implying the incorporation of P3HT (Figure 1B).
Furthermore, the structural information on unmodified and

P3HT modified CdS thin film sample was investigated using
TEM. A low magnification TEM image of CdS shows flakes
consisting of interconnected CdS nanocrystals of the order of
7.10 ± 0.25 nm (Figure 2A). The concentric sharp rings in the
selected area electron diffraction (SAED) pattern (Figure 2B) is
a result of many small (nm) crystals and shows polycrystalline
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nature of the CdS thin film. The measured interplanar spacing
(d spacing) from the SAED pattern are 3.36, 2.06, and 1.79 Å.
These measured d spacings are very close to the (002), (110),
and (112) interplanar spacings of hexagonal CdS (JCPDS # 80-
0006). The lattice fringes for CdS thin film (Figure 2C)
corresponds to (100) and (002) plane of the hexagonal phase
of CdS. A low-magnification TEM image of P3HT modified
CdS thin film sample, Figure 2D. The absence of distinct rings
in the SAED pattern of heterostructured P3HT modified CdS
thin film imply the incorporation of amorphous P3HT, Figure
2E. The grafting of P3HT was further confirmed by the

presence of amorphous regions corresponding to P3HT in
addition to the lattice fringes corresponding to hexagonal CdS
in the HRTEM image of P3HT modified CdS thin film, Figure
2F.
The representative thin film samples (CdS, P3HT, and

P3HT−CdS) were analyzed via electron energy loss spectros-
copy (EELS) in an FEI Tecnai F30 TEM/STEM operating at
300 kV and equipped with a Gatan Model 693 Quantum
imaging energy filter. Figure 3 shows high-angle annular dark-
field scanning TEM (STEM-HAADF) image of three films and
corresponding low-loss (left panel) and core-loss (right panel)
EEL spectra. Zero loss peak was aligned on the CCD in
imaging mode and then in spectroscopy mode and then in
spectroscopy (left panel) and core-loss (right panel) EEL
spectra. The full width at half-maximum intensity of the zero
loss peaks after alignment was 1.2 eV. Collection aperture was
2.5 mm, and the energy dispersion was 0.05 and 0.25 eV for
low-loss and core-loss, respectively. The probe size was about 2
nm. Volume plasmon measured from a macroscopic CdS
particle in the spectroscopy mode of the Gatan Image Filter.
The volume plasmon peak energy was measured to be 24.2 and
19.6 eV for CdS thin film, and the peak energy is shown as the
dotted line through the graphs. The volume plasmon peak
energy for macroscopic CdS particle was reported to be 18.5 ±
1 eV, and the measured plasmon energy was found to increase
with decreasing particle size, which is in agreement with the
theoretical approximation for plasmon shifting due to the
quantum size effect.25 Broadening of the peak is also observed,
and it seems in proportion to the magnitude of the shifts. Two
peaks observed here may be attributed to the CdS film subject
to this study consisting of interconnected CdS nanocrystals of
varying sizes. For P3HT film the plasmon peak energy is found
to be 22.9 eV. For the P3HT−CdS film, the plasmon peak
energy is found to be 22.9 and 23.8 eV. For the P3HT film, the
reported plasmon peak energy is at 22.2 eV.26 A shift to higher
plasmon peak energy can be seen with decreasing particle size.
The right panel of Figure 3 shows the stripped (stripped off the
pre-edge background by fitting it to a power law) sulfur L2,3
edges at 165 eV overlapped with the carbon K edge at 284 eV
and Cd M4,5 edges at 404 eV. In the case of P3HT−CdS film,
the L2,3 edge of sulfur manifested changes in bonding
structure. The EEL spectra recorded from C on grid, P3HT,
and P3HT−CdS thin films on carbon coated film revealed the
difference of the σ* (C−H) peak in these three cases, while the
shift of π* (CC) and σ* (C−C) peaks toward lower energy
losses was observed in the case of P3HT−CdS, implying the
formation of heterostructured P3HT−CdS thin film (Figure
4.)27

To further understand the formation of heterostructure
P3HT−CdS, X-ray photoelectron spectroscopy (XPS) analysis
was carried out for the unmodified CdS, P3HT and
heterostructured 0.2 wt % P3HT−CdS samples. The chemical
shift of the S 2p peaks in the XPS spectrum for all samples was
analyzed. Figure 5A shows S 2p peaks for unmodified P3HT
thin film: S 2p3/2 (163.4 eV) and S 2p1/2 (164.2 eV) and is in
agreement with the binding energy of S for P3HT.22,28 The
deconvolution of XPS spectra for P3HT−CdS sample shows
the peaks corresponding to S 2p binding energies for CdS
(161.8 and 163.2 eV)29 and P3HT (163.8 and 164.8 eV)
samples (Figure 5B). The shifting of S 2P peaks toward higher
binding energy (163.8 and 164.8 eV) than that of observed for
unmodified P3HT further corroborate the formation of
heterostructured P3HT−CdS.

Figure 1. SEM image of (A) CdS thin film and (B) 0.2 wt % P3HT−
CdS thin film; (inset) cross section of 0.2 wt % P3HT−CdS thin film.

Figure 2. TEM analysis data for CdS film and 0.2 wt % P3HT−CdS
film: (A and D) low-magnification images, (B and E) selected area
diffraction patterns, and (C and F) high-resolution images. (C, inset)
Fourier filtered image.
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3.2. Optical Properties (Eg) of Heterostructured
P3HT−CdS Thin Films. The UV−vis absorption spectrum
of bare P3HT shows a predominant absorption peak at 405 nm
and a broadened peak at 592 nm (Figure 6A). The onset of this
peak observed is at 673 nm. The red shift (∼15 nm) in the
absorption maxima observed for heterostructured P3HT
modified CdS films with respect to that of observed for bare
P3HT film is indicative of e− excitation from the valence band
(VB) of P3HT to the conduction band (CB) of CdS. Similarly,

when the concentration of P3HT loading increased from 0.1 wt
% to 1 wt %, a red shift of the absorption edge is observed
(Figure S2A, Supporting Information). The band gap (Eg),
which determines the light harvesting efficacy of the photo-
catalyst, was determined for all samples from the reflectance
data using Kubelka−Munk method (Figure 6B).30 The
unmodified CdS and P3HT show the Eg values of the order
of 2.5 and 1.86 eV, respectively, which are in agreement with
the values reported in the literature.31,15 Upon coupling P3HT
onto CdS thin films, the Eg value shows blue shift than that of
observed for unmodified CdS thin film (Figure S2B, Supporting
Information).

3.3. Photoelectrocatalysis Studies. To investigate the
photoelectrocatalytic behavior of unmodified and P3HT
modified CdS, linear sweep voltammograms (I−V) were
recorded using an aqueous electrolyte solution containing 0.1
M Na2S and 0.14 M Na2SO3 (pH ∼12.4) in a three electrode
photoelectrochemical device. The unmodified and P3HT
modified CdS photoelectrodes do not show significant current
under dark until the breakdown potential is applied. When
these photoelectrodes are exposed to visible light irradiation, a
drastic enhancement in the anodic current density takes place
in the case of 0.2 wt % P3HT−CdS (Jan: 0.65 mA cm−2 at 0.6 V
vs NHE) (Figure 7B) and is higher than that of observed for

Figure 3. STEM-HAADF image of (A) CdS, (B) P3HT, and (C) P3HT−CdS films; (red ○) positions used to collect low-loss spectra and (yellow
○) points used to collect core-loss spectra. (Left) Low-loss spectra from these three films. (Right) Core-loss spectra from these three films.

Figure 4. EELS fine structure of the carbon K-edge on P3HT and
P3HT−CdS thin films.
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unmodified CdS (Jan: 0.32 mA cm−2 at 0.6 V vs NHE), Figure
7A. As expected, unmodified P3HT does not exhibit any
significant photocurrent. Among different concentrations (0.1,
0.2, 0.5, and 1.0 wt %) of P3HT used for coupling with CdS,
0.2 wt % P3HT−CdS shows higher current density under

visible light irradiation than that of observed for 0.1 wt %
P3HT−CdS (Jan: 0.11 mA cm−2 at 0.6 V vs NHE) and 1.0 wt %
P3HT−CdS (Jan: 0.06 mA cm−2 at 0.6 V vs NHE) (Figure S3,
Supporting Information). Although 0.5 wt % P3HT−CdS and
0.2 wt % P3HT−CdS thin film have comparable photocurrents,
there is a greater quenching of fluorescence in 0.2 wt % P3HT−
CdS implying reduced recombination of photogenerated charge
carriers in the case of 0.2 wt % P3HT−CdS, Figure 8A.

3.4. Charge Carrier Dynamics in Heterostructured
P3HT−CdS Photocatalysts. The charge separation of
photogenerated excitons (photogenerated e− and h+) plays a
vital role in efficient photoelectro-catalysis. To underpin the
charge separation phenomena for the developed photo-
electrodes, we performed steady-state and time-resolved
photoluminescence studies. Figure 8A shows photolumines-
cence decay spectra of P3HT and heterostructured 0.2 wt %
P3HT−CdS thin film, at λex= 470 nm that the fluorescence of
P3HT is quenched (>75%) when grafted onto CdS.
The 0.2 wt % P3HT−CdS photoelectrodes exhibit lower

emission intensity and thereby higher quenching of the
radiative recombinations of P3HT through an efficient e−

transfer from P3HT to CdS as compared to that of 0.5, 0.1,
and 1 wt % P3HT modified CdS photoelectrodes. Similarly,
quenching of fluorescence can be seen in the emission intensity
of CdS in the heterostructured 0.2 wt % P3HT−CdS
photoelectrode when the 350 nm excitation wavelength was
used (corresponds to CdS; Figure S4A, Supporting Informa-
tion). Such quenching of fluorescence observed is due to
suppressed excitons recombination, implying the transfer of h+

from the VB of CdS to the highest occupied molecular orbital
(HOMO) of P3HT.32,33 Figure 8B shows the photo-
luminescence decay for P3HT and 0.2 wt % P3HT−CdS

Figure 5. XPS spectra for S 2p (A) P3HT film and (B)
heterostructured P3HT−CdS thin films.

Figure 6. (A) Absorption spectra of P3HT, CdS, and heterostructured
P3HT−CdS thin films. (B) Tau plot for P3HT, CdS, and
heterostructured P3HT−CdS thin films.

Figure 7. Current density of (A) CdS and (B) 0.2 wt % P3HT−CdS
photoelectrodes recorded under dark and visible solar radiation in
Na2S/Na2SO3 electrolyte.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00022
ACS Appl. Mater. Interfaces 2015, 7, 7970−7978

7974

http://dx.doi.org/10.1021/acsami.5b00022


photoelectrodes. The higher value of photoluminescence
lifetime (τ1 = 0.41 ns) for 1 wt % P3HT−CdS in comparison
to other loading concentration of P3HT onto CdS thin films
may be attributed to the higher rate of charge carrier
recombination (Table S1, Supporting Information). The
shorter lifetime (τ1 = 0.25 ns) in the case of 0.2 wt %
P3HT−CdS thin films imply better charge separation occurring
at the heterointerface of P3HT and CdS by providing a new
nonradiative process for photogenerated excitons.32 Decay
fractions f2 and f3 are 0 in the case of all P3HT modified CdS
photoelectrodes indicating the prevalence of nonradiative decay
over radiative decay. It implies that better charge separation
taking place in the case of 0.2 wt % P3HT−CdS is leading to
better photoelectrocatalytic activity, and is in agreement with
the improved photocurrent density observed for 0.2 wt %
P3HT−CdS than that of other unmodified and P3HT modified
CdS photoelectrodes.
To examine the carrier density (ND) and flat band potential

(Vfb), we conducted capacitance measurements at 1 kHz
frequency. The ND and Vfb values for photoelectrodes in
sulfide−sulfite electrolyte were determined using Mott−
Schottky equations.34

εε
= − − β⎛

⎝⎜
⎞
⎠⎟C A eN

V V
k T

e
1 2

D
2

0
2 fb

(2)

where C and A represent the interfacial capacitance and area,
respectively, ND is the number of donors, V is the applied
voltage, kβ is the Boltzmann’s constant, T is the absolute
temperature, and e is the electronic charge. The extrapolation of
the linear part of the curves to (1/C2 = 0), gives the flat band
potential of semiconductor. The values of flat band potentials
under dark are given in Table 1. The ND values were also

determined from the slope of the linear part of the Mott−
Schottky plot using following equation for all samples.

εε
=

A eN
Slope

2

0
2

D (3)

The Mott−Schottky behavior is in accordance with the
expected behavior of n-type semiconductor under increased
anodic bias (Figure S5, Supporting Information). There is a
sharp decrease in capacitance when the anodic bias is increased
above the flat band potential.35 The lower slope observed for
0.2 wt % P3HT−CdS implies higher ND value that further
corroborates with its improved photoelectrocatalytic activity
(Figure S5, Supporting Information). The 0.2 wt % P3HT−
CdS photoelectrode show higher ND and more negative Vfb
value, Table 1. The presence of hole scavenger (holes oxidizes
SO3

2− and S2− to form SO4
2− and S2

2− species) appears to
reduce photo-oxidation of P3HT further at photoelectrode−
electrolyte interface, resulting in higher carrier densities and
consequently higher photocurrent density.36 In addition, the
higher cathodic shift in Vfb value of 0.2 wt % P3HT−CdS
signifies increased e− density and thus higher degree of band
bending. As a result the Fermi level of CdS in 0.2 wt % P3HT−
CdS shifts toward the conduction band. The upward shift of
Fermi level facilitate an improved charge separation at
photoelectrode/electrolyte interface and thus lead to better
photoelectrocatalytic activity in the case of 0.2 wt % P3HT−
CdS.

3.5. Photostability and IPCE of Heterostructured
P3HT−CdS Photocatalysts. The stability of photoelectrodes
is one of the crucial aspects for their viable application in the
water splitting. To evaluate the stability of unmodified CdS and
0.2 wt % P3HT modified CdS photoelectrodes, we performed
chronoamperometric measurements in the sulfide−sulfite
electrolyte, (Figure S6, Supporting Information). Even after
300 min of continuous illumination, a photocurrent many folds
higher than that observed for unmodified CdS is retained. It
implies reasonably good stability of heterostructured P3HT−
CdS photoelectrode. In addition, the repeated (5 cycles) I−V
measurements show no significant change in the photocurrent
values, further confirming the photostability of heterostructured
P3HT−CdS.
To estimate the quantitative correlation of light harvesting to

exciton (photogenerated e−and h+) generation, we calculated
the incident photon to current conversion efficiency (IPCE) or
external quantum efficiency (EQE) for all samples at the
wavelengths ranging from UV to visible solar radiation using
the following equation (Figure 9).37

λ
=

×

×
×

−

−

I
IPCE (%)

1240 (mA cm )

(nm) PF(mW cm )
100ph

2

2
(4)

For 0.2 wt % P3HT−CdS, IPCE keeps on increasing from
∼8.91% at 600 nm to ∼13.2% at 400 nm, using sulfide−
sulphite electrolyte, Figure 9. This clearly shows that when CdS
modified with P3HT, there is significant enhancement in the

Figure 8. (A) Steady-state emission spectrum of P3HT and
heterostructured P3HT−CdS thin films. (B) Time-resolved photo-
luminescence decay spectra of P3HT and heterostructured 0.2 wt %
P3HT−CdS thin film, at λex= 470 nm.

Table 1. Flat Band Potential and Carrier Density Values of
Unmodified and Modified Thin Films

thin films flat band potential (V vs NHE) carrier density (cm−3)

CdS −0.41 1.38 × 1026

P3HT −0.37 2.92 × 1026

P3HT−CdS −0.58 2.53 × 1027
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IPCE due to an efficient separation of photogenerated excitons
at CdS−P3HT/electrolyte interface.
3.6. Photocatalytic Hydrogen Generation. In addition

to the in-depth studies of the photoelectrocatalytic activities of
unmodified and optimized P3HT modified CdS photocatalysts,
the qualitative and quantitative photocatalytic H2 evolution
measurements under visible light were undertaken using the gas
chromatograph. Among different loading concentrations of
P3HT on CdS, the best performing 0.2 wt % P3HT−CdS was
chosen to undertake photocatalytic hydrogen generation
activity evaluation. The CdS and heterostructured 0.2 wt %
P3HT−CdS photocatalyst amounts were optimized using 5 mL
of sulfide−sulphite electrolyte. The rate of H2 evolution for
unmodified and P3HT modified CdS photocatalysts scratched
from thin films is shown in Figure 10.

Unmodified CdS shows slower solar H2 production (i.e.,
2350 μmol h−1 g−1), whereas the 0.2 wt % P3HT−CdS
heterostructured photocatalyst shows faster photocatalytic
hydrogen generation (i.e., 4108 μmol h−1 g−1). It is many
times faster than that of other P3HT-based heterostructures
reported (4 μmol h−1 g−1 for gC3N4−P3HT heterojunction
photocatalyst and 2000 μmol h−1 g−1 upon loading precious
noble metals like Pt and/or Au) in the literature.38,39

A schematic showing the possible mechanism for the solar
H2 generation using heterostructured P3HT−CdS photo-
catalyst is shown in Figure 11. When the visible solar radiation
falls on the P3HT−CdS photocatalyst, excitons are generated
via photon absorption in both CdS and P3HT. This process is
followed by the exciton diffusion to donor−acceptor interface.

Due to high electron affinity of CdS as compared to P3HT, the
e− gets drifted toward CdS leaving h+ in P3HT followed by
formation of charge transfer states. The h+ from CdS VB diffuse
into LUMO of P3HT inhibiting photocorrosion of CdS.
Subsequently, the photogenerated e− leads to the reduction of
H+ to H2.

4. CONCLUSIONS

We have developed a simple chemical bath deposition method
that leads to the reproducible formation of porous CdS thin
films with a microstructure similar to that of a natural leaf. The
modification of these thin films with optimized concentration
of P3HT leads to a drastic improvement in the photocurrent
density and enhancement in the photocatalytic hydrogen
generation (4108 μmol h−1g−1). The improvement in the
photocatalytic activity of 0.2 wt % P3HT coupled CdS
photocatalyst is mainly due to the improved charge separation
led by the heterointerface and appropriate energetics of the
P3HT−CdS heterostructured photocatalyst. The modification
of CdS with hole transporting polymer also show the
improvement in the stability. These results suggest the potential
candidature of hole transporting polymers for the modification
of photocorrosive visible light active semiconductors to form
heterostructured photocatalysts with improved solar hydrogen
generation efficiency and stability. It also serves as an
inspiration to fabricate other organic−inorganic heterostruc-
tured photocatalysts to surpass the recombinations problem
such that an improved charge separation may be achieved to
design efficient artificial photosynthesis devices.
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Figure 9. IPCE action spectra for (A) CdS and (B) 0.2 wt % P3HT−
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