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Abstract: The use of nanoscale materials for efficient 
solar light harvesting has attracted immense attention in 
the recent time in order to address the energy and envi-
ronmental issues. Among them, semiconductor mate-
rials such as ZnO have been widely used in the field of 
photocatalysis and dye-sensitized solar cells (DSSC). 
However, due to limited visible-light activity and low 
photo-conversion efficiency, ZnO needs to be modified to 
design heterostructures with efficient charge separation. 
Several strategies have been made to modify the wide-
bandgap semiconductors including narrow-bandgap 
semiconductor coupling, noble metal deposition, con-
ducting polymer sensitization and organic dye sensitiza-
tion. However, the activity of such heterogeneous systems 
critically depends on the charge dynamics across the 
involved nanostructured interface. The present review 
is an effort to unravel the ultrafast dynamical processes 
across the interface of heterostructures to enhance the 
solar light-harvesting efficiency. Here, we have discussed 
few of our selected results covering the different modifi-
cation strategies of the ZnO nanostructures. The special 
emphasis has been given to the correlation between the 
ultrafast processes at the interface and their implications 
in the light-harvesting applications. The detailed spec-
troscopic investigations revealing electronic pathways 
for light harvesting will be helpful in designing future 
solar devices.

Keywords: Förster resonance energy transfer (FRET); inter-
facial carrier dynamics; light-harvesting hetero structures; 
UV and visible-light photocatalysis; zinc oxide.

1  Introduction
The efficient conversion of solar photons into electricity 
and chemical energy via cost-effective solar devices is one 
of the most important scientific challenges in the recent 
time. The solar energy conversion technology has shown 
hope to meet the rising energy demand as well as finding 
potential solutions for environmental pollution issues 
 [1–3]. Semiconductor nanostructure materials such as TiO2, 
ZnO have been widely used in waste water purification and 
solar energy conversion [4–9]. However, the large bandgap 
of TiO2 (~3.2 eV) and ZnO (~3.37 eV) requires excitation 
only at wavelengths  < 390 nm [10, 11]. In this respect, the 
popular TiO2, ZnO can only utilize ~5% of the incoming 
solar energy, thus, restricting its practical applications 
as efficient solar light harvester. The key to the efficient 
solar energy conversion is the development of high-per-
formance functional materials, which has well matched 
photo absorption with the solar spectrum and an efficient 
photoexcited charge separation to prevent electron-hole 
recombination. Many efforts have been made to trigger 
the optical response of the wide bandgap semiconductor 
into the visible region by metal-ion doping [12], non-metal 
doping [13, 14], noble metal deposition [15, 16], narrow-
bandgap semiconductor coupling [17–20], conducting 
polymer sensitization [21, 22], and dye sensitization 
 [23–28]. The formation of organic-inorganic and inorganic-
inorganic light-harvesting assemblies (LHAs) allows both a 
broader range of solar light absorption and efficient charge 
separation. However, the activity of such heterogeneous 
systems critically depends on the charge dynamics across 
the involved nanostructured interface [29].

LHAs used in photocatalysis (PC) and dye-sensitized 
solar cells (DSSC) are related to ultrafast excited state 
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charge transfer across the interface [30, 31]. Thus, a 
precise knowledge of excited state charge transfer across 
oxide surfaces is important to fully understand the micro-
scopic mechanism related to technologically important 
processes of PC and DSSC, both of which, indeed, have 
strong social impact. In this direction, we have recently 
explored the ultrafast photoinduced charge separation 
and charge recombination processes at the semiconduc-
tor-semiconductor (PbS-ZnO) interface for efficient solar 
light harvesting [20]. The PbS-ZnO LHAs lead to efficient 
photovoltaics but their photocatalytic properties remain 
poor. Kamat and coworkers [32] show photoinduced elec-
tron transfer from CdSe quantum dots (QDs) of different 
sizes to three unique metal oxides (TiO2, ZnO, and SnO2) 
and suggest that, in addition to electron transfer at the 
QD-metal oxide interface, other loss mechanisms play key 
roles in the determination of overall device efficiency.

In order to sensitize the oxides in the visible light, sen-
sitization with visible light-absorbing dyes is a prevalent 
solution. A considerable research effort in this direction 
stems from the desire to make cost-effective and envi-
ronment-compatible dye-sensitized nanostructure-based 
solar light-harvesting devices [33, 34]. The synthesis and 
purification of the best-performing ruthenium-based dyes 
for the solar light-harvesting devices are expensive [35]. In 
the context of cost and biocompatibility, porphyrin-based 
solar devices are gaining a great interest in the contem-
porary literature [36–40]. In one of our recent studies, 
hematoporphyrin-sensitized ZnO nanorods exhibit twin 
applications in efficient visible light photocatalysis and 
DSSC [23]. The incorporation of metal ions in the central 
cavity of porphyrin in the proximity of host semiconduc-
tor for efficient decontamination of drinking water is a 
subject of several recent reports [41–43]. Tuning the photo 
response [44], stability of the dyes upon metalation [45] 
and efficiency of photo injected electron [46] are studied 
in a series of reports [47]. In one of our recent studies, we 
have investigated the critical role of central metal ions 
(Fe3+/Fe2+) incorporated in hematoporphyrin-TiO2 nano-
hybrid in interfacial carrier dynamics and its implications 
in solar light harvesting [24]. We have also explored the 
role of metal ions, specifically, iron (III) and copper (II) 
in the test water with a model contaminant, methylene 
blue (MB) and rationalized our observations from femto-
second to picosecond resolved electronic spectroscopic 
studies [27].

One of the most interesting ways to make LHAs in 
the recent literature is amalgamation of semiconduc-
tor nanocrystals and polymers for the development of 
multifunctional materials that demonstrate superior 
electrical, optical, and mechanical properties [48–52]. 

Thus, incorporation of semiconductor nanocrystals into 
conjugated polymers can sensitize the semiconductor 
nanocrystals for renewable energy applications such as 
bulk heterojunction-type photovoltaics and photocatalysis 
[53–58]. A series of LHAs based on heterojunctions such 
as TiO2-PANI, TiO2-P3HT has been studied for the harvest-
ing of visible light [59–63]. There is a common consensus 
that heterojunctions facilitate the migration of photoex-
cited electrons and holes across the interfaces to enhance 
charge separation. However, very few direct experimen-
tal evidences or spectroscopic observations have been 
explored to establish the charge transfer mechanism at 
the heterostructure interface. In a recent study, we have 
explored the charge transfer mechanism in a heterostruc-
ture based on poly(diphenylbutadiyne) (PDPB) nanofibers 
[64] and ZnO nanoparticles (NPs) by using the steady state 
and picosecond-resolved photoluminescence studies [22].

In this article, we will review the work at S N Bose 
Centre on the ultrafast dynamical processes across the 
interface of heterostructures to enhance the solar light-
harvesting efficiency. Here, we will discuss few of our 
selected results covering the different modification strat-
egies of the ZnO nanostructures. A significant number 
of research articles are available on the sensitization of 
semiconductors for solar light-harvesting devices. A com-
prehensive picture of most of the published works is not 
the motive of the present review; rather, we will elaborate 
four specific types of heterogeneous interfaces of ZnO 
NPs, namely, with other narrow bandgap semiconduc-
tors (quantum dots), noble metal NPs, organic dyes, and 
conducting polymers. Our main aim will be to correlate 
between the ultrafast processes at the interface and their 
implications in the light-harvesting applications. We will 
not discuss related works from this laboratory, which 
focused on other aspects of ultrafast dynamical studies 
related to photovoltaic applications.

2   Ultrafast dynamics at 
 semiconductor-semiconductor 
interface

2.1   Interfacial dynamics of PbS-ZnO 
 light-harvesting assemblies

In order to understand the key ultrafast processes asso-
ciated at the interface between semiconductor-semicon-
ductor heterostructure, we demonstrate our studies on 
the interfacial carrier dynamics in PbS-ZnO LHAs [20]. As 
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both the parent materials ZnO and PbS have their intrin-
sic photoluminescence (PL) because of their defect states 
and bandgap emission, respectively, steady-state spec-
troscopic studies on the LHA have been employed for the 
interfacial charge/energy migration.

As shown in Figure 1, the room temperature PL spec-
trum of ZnO NP is comprised of two emission bands 
upon excitation at 300 nm. The narrow UV band cen-
tered at 363 nm is due to the exciton recombination, and 
the other one is a broad emission in blue green region, 
which is composed of two bands, one arises from doubly 
charged vacancy center (Vo++) located at 555 nm (P2), and 
the other arises from singly charged vacancy center (Vo+) 
located at 500 nm (P1) [65, 66]. For PbS-ZnO LHAs, there 

is a considerable decrease in the intensity of both the 
emission peaks compared to the bare ZnO NPs. Herein, 
we propose Förster resonance energy transfer (FRET) 
[67, 68] from the donor ZnO NPs to the acceptor PbS QDs 
in PbS-ZnO LHAs. The spectral overlap of the defect-medi-
ated PL band of ZnO NPs with that of the PbS absorption is 
shown in Figure 1A, inset. The fluorescence decay of bare 
ZnO NPs and PbS-ZnO LHAs was obtained upon excita-
tion of 375 nm laser and monitored at 500 nm and 555 nm 
(Figure 1B and C, respectively). The faster average excited 
state lifetime of the PbS-ZnO LHAs with respect to that of 
the ZnO NPs is clearly observed. The details of the spec-
troscopic parameters and the fitting parameters of the 
fluorescence decays are tabulated in Table  1. From FRET 

Figure 1: (A) Room temperature PL spectra of ZnO NPs (dark green) and PbS-ZnO LHAs (blue) are shown. The excitation wavelength was 
at 300 nm. The broad emission band is composed of two components, P1 (500 nm) and P2 (555 nm). The inset shows the overlap of ZnO 
NP emission and PbS QD absorption. The picosecond-resolved fluorescence transients of ZnO NPs (excitation at 375 nm) in the absence 
(dark green) and in the presence of PbS QDs (blue) collected at (B) 500 nm, (C) 555 nm, and (D) 540 nm (shorter time window) are shown. 
Reprinted with permission from Ref. [20] Copyright 2015, Elsevier B.V.

Brought to you by | New York University Bobst Library Technical Services
Authenticated

Download Date | 3/18/16 11:41 AM



116      S. Sardar and S.K. Pal: Ultrafast photoinduced carrier dynamics

calculations, the distance between the donor and accep-
tor are determined to be 1.71 nm and 1.61 nm for P1 and P2 
states, respectively. The energy transfer efficiency is cal-
culated to be 81.6% and 86.3% from the P1 and P2 states, 
respectively. The observation is in agreement with the 
reported literature that the P2 state is in the proximity of the 
NP surface [69, 70]. Further confirmation of nonradiative 
energy transfer from the ZnO NPs (donor) to the associated 
PbS QDs (acceptor) is evident from the emission charac-
teristics of the acceptor as shown in Figure 2. The excita-
tion spectrum of the LHAs at the detection wavelength of 
820 nm as shown in Figure 2A clearly reveals a maximum 
at 360 nm, which is close to the absorption maximum of 
the ZnO NPs. In the case of FRET, it is expected that emis-
sion transient from the acceptor shows buildup in the 
timescale comparable to the decay of the energy donor [71]. 
As shown in Figure 2B, the emission transient of the accep-
tor PbS QDs reveal no apparent rise component. However, 
the shorter component of the lifetime of acceptor PbS QDs 
is significantly retarded in PbS-ZnO LHAs as shown in 
Table 1 revealing an intrinsic buildup in the excited state 
due to FRET. We have estimated the buildup rate following 
reported procedure [32] and found to be 1.45 × 107 s-1, which 
is close to the FRET rate from donor ZnO NPs to acceptor 
PbS QDs (1.47 × 107 s-1). As shown in Figure 2B, the overall 
quenching of the emission (steady state and transient) of 
PbS QDs in the LHAs clearly indicates that other nonra-
diative excited state events are associated following the 
energy transfer from the donor ZnO NPs. In order to inves-
tigate the nonradiative pathway of PbS QDs in the LHAs 
upon excitation, we have excited the nanocomposite at 
510  nm and followed the steady and time-resolved emis-
sion as shown in Figure 3. The quenching of the emission 
of the PbS QDs in the LHAs clearly reveals ultrafast (Table 
1) electron transfer from the excited QDs to the CB of ZnO 
NPs through the nonradiative pathway [72, 73]. Plass et al. 

Table 1: Dynamics of picosecond-resolved luminescence transients of ZnO NP, PbS-ZnO LHA, and PbS QD.a

Sample   Excitation 
wavelength (nm)

  Detection 
wavelength (nm)

  τ1 (ns)  τ2 (ns)  τ3 (ns)  τavg (ns)

ZnO NP   375  500  0.46±0.03 (43.8%)  4.52±0.05 (41.6%)  37.39±0.52 (14.6%)  7.55±0.09
PbS-ZnO LHA  375  500  1.30±0.05 (95.5%)  3.46±0.24 (4.5%)    1.39±0.03
ZnO NP   375  555  0.37±0.03 (46.2%)  5.07±0.12 (25%)  44.93±0.37 (28.8%)  14.38±0.14
PbS-ZnO LHA  375  555  1.32±0.05 (94.3%)  5.22±0.37 (4.5%)  42.29±2.76 (1.2%)  1.98±0.06
ZnO NP   375  540  0.38±0.03 (75.3%)  3.36±0.07 (17.2%)  38.64±0.69 (7.5%)  3.76±0.07
PbS-ZnO LHA  375  540  1.31±0.03 (92.8%)  4.79±0.51 (5.1%)  45.95±2.70 (2.1%)  2.42±0.12
PbS QD   375  820  1.17±0.05 (91%)  13.21±0.76 (9%)    2.25±0.08
PbS-ZnO LHA  375  820  1.41±0.05 (100%)      1.41±0.03
PbS QD   510  820  130.35±3.54 (100%)      130.35±3.54
PbS-ZnO LHA  510  820  0.04±0.03 (99.33%)  138.34±8.71 (0.66%)    0.95±0.06

aNumbers in the parentheses indicate relative weightages.

Figure 2: (A) Excitation spectra of ZnO NPs (dark green), PbS 
QDs (red) and PbS-ZnO LHAs (blue) monitored at 820 nm. (B) The 
picosecond-resolved fluorescence transients of PbS QDs (excita-
tion at 375 nm) in the absence (red) and in the presence of ZnO NPs 
(blue) collected at 820 nm. The inset shows the room temperature 
PL spectra of PbS QDs (red) and PbS-ZnO LHAs (blue) upon excita-
tion at 375 nm. Reprinted with permission from Ref. [20] Copyright 
2015, Elsevier B.V.

[74] have investigated the electron transfer in a solar cell 
structure made by in situ growth of PbS QDs in a porous 
TiO2 film, where initial charge separation occurs in 1 ps 
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due to the electron trapping in PbS QD followed by elec-
tron injection into the conduction band (CB) of TiO2 having 
a time constant of 20 ps.

Table 1 reveals that the shorter component of the 
decay of bare ZnO NPs (0.46 ns and 0.37 ns for the P1 and 
P2 states, respectively) increases upon attaching to the PbS 
QDs (1.30 ns and 1.32 ns, respectively). The lengthening of 
the faster relaxation times from the P1 and P2 states con-
firms the following two phenomena. First, the quenching 
due to FRET is not operative in the timescale of ~400 ps. 
Second, the recombination processes in the ZnO defect 
states are heavily retarded in the proximity of PbS QDs as 
clearly shown in Figure 1D. The retardation of the recom-
bination may be attributed to the quenching of the pho-
toexcited holes of ZnO NPs by the PbS QDs. In our case, 
the photo-generated hole in the valence band of the ZnO 
NPs is proposed to be quenched by an electron from the 
valence band of PbS QDs, which is expected to be recov-
ered from the electron in the CB/P1 state of the ZnO NPs 
(lower panel of Figure 5).

Figure 3: (A) Room temperature PL spectra (excitation wavelength 
was at 510 nm) of PbS QDs (red) and PbS-ZnO LHAs (blue) are 
shown. (B) Fluorescence decay profiles of PbS QDs in the absence 
(red) and presence of ZnO NPs (blue) upon excitation at 510 nm 
and monitored at 823 nm. Reprinted with permission from Ref. [20] 
Copyright 2015, Elsevier B.V.

In order to maximize the device efficiency, better 
understanding of mechanistic details of energy transfer 
processes is necessary. Eichberger et al. have shown that 
FRET in a multichromophoric organic sensitizer accommo-
dating the separately linked donor and acceptor moieties 
attached to the ZnO nanorods reveal improved efficiency 
in DSSC [75]. Kamat et al. have unraveled that energy trans-
fer through both long-range dipole-based FRET and short-
range Dexter energy transfer (DET) mechanisms occurred 
between CdSe QDs linked to a red- infrared-absorbing 
squaraine dye [76]. The hybrid solar cells with squaraine 
dye as a linker between CdSe QD and TiO2 exhibited power 
conversion efficiency of 3.65%. Transient absorption spec-
troscopy measurements reveal the energy transfer between 
excited CdSe QD and SQSH (rate constant of 6.7 × 1010 s-1) 
and interfacial electron transfer between excited SQSH 
and TiO2 (rate constant of 1.2 × 1011 s-1) [77]. Thus, synergistic 
combination of electron and energy transfer processes pro-
vides new opportunities to harvest light from a different 
region of the solar spectrum, which eventually increases 
the efficiency of the device. In one of the previous publi-
cations from our group, the semiconductor ZnO NPs were 
found to transfer the excited state energy to sensitizing dye 
N719 at the surface of the NPs. The observed energy trans-
fer in the presence of high-energy photons leads to a sig-
nificant increase in the short circuit current in ZnO-based 
DSSC leading to more than 50% increased energy conver-
sion efficiency [78].

2.2   Implications of interfacial dynamics 
of PbS-ZnO in light-harvesting 
applications

In order to investigate the interfacial charge transfer 
dynamics in photocatalysis application, we have probed 
the MB reduction in the presence of the LHA in aqueous 
solution. For the preferential excitation, we have used 
475  nm high-pass (HP) optical filter placed on a home-
made UV bath (8W) before the sample. The results for 
the photoreduction of MB are shown in Figure  4A. The 
photoreduction of MB implies the generation of the color-
less photoproduct Leuco-Methylene Blue (LMB). The 
maximum photoreduction is observed in the presence 
of ZnO NPs under UV irradiation, while using a 475-HP 
optical filter, no photoreduction of MB is observed. This 
is obvious because ZnO being a wide-bandgap (3.37 eV) 
semiconductor, the bandgap excitation occurs only at 
wavelengths less than 380 nm. However, ZnO NPs in the 
proximity of PbS QDs in the LHAs show inefficient MB 
photoreduction both in the presence and absence of the 
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HP filter. We have attributed the de-excitation of ZnO 
NPs via FRET to be responsible for the less photocata-
lytic activity of the LHAs in UV light excitation (no filter) 
as shown in the upper panel of Figure  5. On the other 
hand, visible light excitation (with filter) of the PbS QDs 
in the LHAs shuttles the photogenerated electron in the 
QDs through the CB of the ZnO NPs as shown in the lower 

Figure 4: (A) Photocatalytic degradation of MB in the presence of 
ZnO NPs (green) and PbS-ZnO LHA (blue) and control (red and pink) 
under different irradiation conditions (the optical filters used for 
the desired irradiation are indicated in parentheses). (B) Photocur-
rent response of PbS-ZnO LHA (blue) and ZnO (green) under 100 mW 
cm-2 incident power irradiation and PbS-ZnO (red) and ZnO (pink) 
under visible light irradiation (using 400 nm filter) without any bias 
voltage. (C) Photocurrent-voltage (I–V) characteristics of PbS-ZnO 
LHA (blue) and ZnO (green) under 100 mW cm-2 incident power irra-
diation. Reprinted with permission from Ref. [20] Copyright 2015, 
Elsevier B.V.

Figure 5: Schematic presentation of the interfacial carrier dynamics 
in PbS-ZnO LHAs (Upper panel). Lower panel shows the schematic 
energy level diagram and charge transfer processes for photocataly-
sis and photovoltaic applications. Reprinted with permission from 
Ref. [20] Copyright 2015, Elsevier B.V.

panel of Figure 5. Overall for white light excitation of the 
LHAs, the photogenerated electron is sparsely available 
for the reduction of MB in the solution due to the above-
mentioned two ultrafast mechanisms.

In order to investigate the efficacy of PbS-ZnO LHAs in 
photovoltaic application, we have performed photoelec-
trochemical measurements in a half cell geometry using 
the LHAs on ITO plate as anode and Pt as counter elec-
trode [79]. For I–V measurement, the Ag/Ag+ couple are 
used as reference electrodes. The photocurrent measure-
ment of ZnO and PbS-ZnO LHAs was carried out in order to 
better understand the electron transfer processes in terms 
of short-circuit current. The light source (100 mW cm-2) 
was turned on and off every 60 s, and the obtained pho-
tocurrent values were continuously recorded. As shown 
in Figure 4B, under full light illumination, PbS-ZnO has 
greater photocurrent response than ZnO NPs on the ITO 
plate. The observation is consistent with the fact that the 
LHAs would able to harvest a wide band of light spec-
trum from UV to NIR in contrast to the ZnO NPs, which 
is expected to harvest only the UV region of the incident 
white light. The initial spike is observed due to the slower 
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recovery of the photoexcited holes from the electrolytes 
and is consistent with other studies reported in the litera-
ture [79]. Significant enhancement of the photocurrent in 
the presence of PbS in the proximity of ZnO NPs in contrast 
to the retardation of photocatalysis activity of the LHAs 
is rationalized in the following way. The photogenerated 
electron in the PbS as well as ZnO NPs is expected to be 
channelized to the ITO plate because of the lower potential 
as shown in the lower panel of Figure 5. The I–V character-
istics of the LHAs in the presence of white light as shown 
in Figure 4C reveals a significantly higher short-circuit 
current compared to those of the ZnO NPs. The observation 
clearly indicates the importance of the presence of an ITO 
plate in the interfacial carrier dynamics of PbS-ZnO LHAs 
in photovoltaic application. Luther et al. have shown that 
the device composed of ZnO nanocrystals and 1.3 eV PbS 
QDs with gold as the top contact exhibits 3% efficiency 
and retained 95% of the starting efficiency after a 1000-h 
light soak in air without encapsulation [80]. In another 
publication, the J–V characteristics are investigated in a 
heterojunction PbS QD solar cell with the same cell archi-
tecture as above where ZnO/PbS interface and PbS/metal 
contact are described as two opposing diodes [81]. It was 
found that the Schottky barrier height is a function of the 
QD band gap energy and back contact metal work func-
tion. Thus, it is necessary to understand the interfacial 
carrier dynamics to maximize the cell efficiency. Jean 
et  al. have demonstrated that the use of hydrothermally 
grown ZnO nanowires in ordered bulk heterojunction PbS 
QD photovoltaic devices achieved 4.3% power conversion 
efficiency [82].

3   Essential light-harvesting 
dynamics at semiconductor- 
metal interface

3.1   Photoselective dynamical events 
in ZnO-Au nanocomposites

In this section, we aimed to unravel the mechanism of 
pronounced intrinsic emission from colloidal ZnO and 
ZnO-Au NCs upon above band edge and below bandgap 
excitation [16]. To probe the correlation between the 
dynamics of photo-generated carrier trapping at the 
defect sites and kinetics of charge migration from ZnO 
and ZnO-Au semiconductors, MB degradation was exam-
ined under a different light irradiation. Time-resolved 
photoluminescence studies from a ZnO-Au NC colloidal 
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Figure 6: (A) SP band of Au NPs and emission spectra of ZnO NPs 
are shown. An overlapping zone between emission of ZnO NPs 
and absorption of acceptor Au is indicated as a gray-shaded zone. 
(B) The picosecond-resolved fluorescence transients of ZnO NPs, in 
the absence (blue) and presence of acceptor Au (red) (excitation at 
375 nm) collected at 550 nm. (C) Picosecond-resolved luminescence 
transients of ZnO NPs in the presence and absence of Au NPs. The 
emissions from ZnO NPs and ZnO-Au NCs (probing at 520 nm) were 
detected with a 300-nm laser excitation.

dispersion reveal FRET dynamics from donor semicon-
ductor to gold acceptor.

In the presence of Au NPs, the ZnO NP emission 
is quenched upon excitation at λex = 375  nm (below the 
bandgap) revealing the FRET from the donor ZnO NP to 
the Au acceptor. The spectral overlap of the ZnO emis-
sion spectrum with that of the Au absorption spectrum is 
shown in Figure 6A. The faster excited state lifetime of the 
ZnO-Au NC with respect to that of the free ZnO NP is clearly 

Brought to you by | New York University Bobst Library Technical Services
Authenticated

Download Date | 3/18/16 11:41 AM



120      S. Sardar and S.K. Pal: Ultrafast photoinduced carrier dynamics

noticeable from Figure 6B. Details of the spectroscopic 
parameters and the fitting parameters of the fluorescence 
decays are tabulated in Table 2. From the average lifetime 
calculation for the ZnO-Au NC, we obtain the effective dis-
tance between the donor and the acceptor, rDA≈2.55 nm. 
Moreover, comparing the PL spectra of the bare ZnO NPs 
and ZnO-Au NCs upon excitation above the band edge, it 
was observed that the emission due to excitonic recombi-
nation is suppressed, while the defect-related emission is 
red shifted in the presence of Au NPs. In this respect, it is 
shown that the energy is transferred from the Vo

+ center to 
the Au NPs, which leads to a reduction in the PL intensity 
at 520 nm. The energy transfer efficiency (E) is found to 
be ~19% (Figure 6C), which is a much lower value com-
pared to that of the below bandgap excitation (E = ~85%). 
In retrospect, excited electrons are preferentially trapped 
by the VO

++ center, which is originated by VO
+ by captur-

ing a hole. The formation of VO
++ centers is more favorable 

upon band-edge excitation as the photogenerated holes 
have enough time to migrate during thermalization of 
highly excited electrons. This leads to more facile recom-
bination of excited electrons via VO

++ centers, and this 
recombination pathway is supported by the appreciable 
red shift observed in ZnO-Au NCs upon above band-edge 
excitation. However, the decrease in band-edge emission 
intensity in the presence of Au NPs is well understood, 
whereby Au acts as a sink, which can store and shuttle 
photogenerated electrons [83, 84]. As per our understand-
ing, the optical activity of the surface defect states in the 
overall emission of the semiconductor solely depends on 
the excitation wavelength.

3.2   Photoselective degradation 
of methylene blue in the presence 
of ZnO-Au nanocomposites

In order to investigate the role of Au NPs in promoting 
photogenerated charges in ZnO-Au NCs, the photo-reduc-
tion of a test contaminant MB was performed. In general, 
the higher the charge migration from the surface of the 

ZnO semiconductor, the faster will be the degradation of 
the surface-attached MB. In order to obtain different exci-
tations, we have used three different types of filters placed 
on a homemade UV bath. The characteristics of the optical 
filters are shown in Figure 7A. In Figure 7B, the relative con-
centration (Ct/C0) of MB in solution is plotted with respect 
to selective irradiation of light. To compare the photodeg-
radation of MB in the presence of ZnO NPs and ZnO-Au 
NCs with a 420-HP filter, it is clearly shown that no consid-
erable change in absorbance peak at 655 nm takes place 
upon Au SP excitation. It reveals that electron transfer 
from Au NPs to MB is not allowed upon direct excitation of 
Au. Upon, replacing the 420-HP filter with a 460-LP filter, 
we observed an increase in the photodegradation rates 
in the presence of Au NPs. This is attributed to improved 
charge separation in the presence of Au NPs, which also 
can store and shuttle excited electrons, thereby, sup-
pressing recombination. Such Au NP-stabilized ZnO NPs 
behave as more efficient electron accumulators (at the CB) 
than the bare oxide. In retrospect, the photodegradation 
rate of MB was observed to decrease in the presence of Au 
NPs when we used combined optical filters of 320 HP and 
460 LP. This happens because excited electrons of ZnO can 
easily occupy the defect centers and resonantly transfer 
their energy to Au NPs via nonradiative processes (FRET, 
as previously discussed). As a consequence, in the pres-
ence of Au, excited electrons are unable to migrate from 
the ZnO surface to perform the reduction of MB. Thus, it is 
important to note that the differences in rate constants are 
not significant, whereas considerable differences in the 
magnitude of total photodegradation are observed during 
above band edge and below bandgap excitation of ZnO and 
ZnO-Au NCs. This is due to the fact that the total number 
of active electrons available for carrying out MB degrada-
tion is different for ZnO and ZnO-Au NCs for any particular 
excitation. Our study clearly demonstrates that the role 
of incorporated metal on semiconductor for facilitating 
redox reactions is solely dependent on the excitation of 
the semiconductor, as schematically shown in Figure  8. 
Roy et al. [85] have used graphene-ZnO-Au NCs as photo-
catalysts for the reduction of nitrobenzene to aniline, with 

Table 2: Dynamics of picosecond-resolved luminescence transients of ZnO NPs in the presence and absence of Au NPs.

Samples   Excitation 
wavelength (nm)

  Detection 
wavelength (nm)

  τ1 (ns)  τ2 (ns)  τ3 (ns)  τavg (ns)

ZnO NP (bare)  375  550  47.58±0.45 (41%)  3.78±0.05 (23%)  0.280±0.03 (36%)  20.48±0.20
ZnO-Au NC   375  550  33.34±0.38 (8%)  2.60±0.06 (10%)  0.051±0.04 (82%)  2.97±0.04
ZnO NP (bare)  300  520  28.49±0.25 (22%)  0.83±0.07 (32%)  0.24±0.03 (46%)  6.64±0.09
ZnO-Au NC   300  520  24.35±0.31 (21%)  0.90±0.05 (19%)  0.16±0.03 (60%)  5.38±0.09
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conversion efficiency of 97.8% within 140 min. The role of 
graphene and Au nanorods (NRs) in the photocatalytic 
activity of NCs was studied and found that graphene acted 
as an inhibitor toward the h+/e- recombination along with 
its excellent electron transport properties, whereas the Au 
NRs played a key role in efficient charge separation. In 
another report, the ZnO-Au NCs exhibits enhanced pho-
tocatalytic activity in MB degradation under a light source 
that has more than 95% (i.e. energy) of emitted photons 
between 400 and 800  nm [86]. Different nanostructures 
of ZnO-Au NCs such as hexagonal pyramid [87], nano-
flowers [88], nanowires [89], and nanomultipods [90] are 
shown to exhibit efficient photocatalytic activity. Fragua 
et al. [91] have shown that the ZnO-Au NC film prepared 
by a single-step synthesis process demonstrates 4.5-fold 
enhanced photocatalytic properties for the decomposition 
of methyl orange upon sunlight exposure in comparison 
with ZnO films.

Figure 7: (A) The transmittance spectra of 320 high pass (green), 
420 high pass (red) and 460 low pass (violet) optical filters are 
shown. (B) Plot of relative concentration (Ct/C0) versus time for the 
degradation of MB (monitored at 655 nm) is shown. The degrada-
tion is performed in the presence of colloidal solutions of ZnO NPs 
and ZnO-Au NCs under different excitation conditions (parentheses 
indicate the optical filters used for the desired excitation). Phys. 
Chem. Chem. Phys. 2011, 13, 12488. Reproduced by permission of 
the PCCP Owner Societies.

Figure 8: Schematic representation of the metal-semiconductor 
system: The system consists of a semiconductor ZnO NP (gray big 
ball) containing appreciable amounts of defect states on which a 
Au NP (red big ball) is fabricated. Methylene blue (small blue ball) 
is bound to the ZnO-Au NC by surface adsorption. The dynamics of 
charge separation and interparticle charge/energy migration of the 
entire structure is shown. Thereafter, photodegradation of meth-
ylene blue under different excitation conditions is also shown by a 
graph, which reveals the mediating role of Au NP in photocatalysis. 
Phys. Chem. Chem. Phys. 2011, 13, 12488. Reproduced by permis-
sion of the PCCP Owner Societies.

4   Ultrafast charge separation 
dynamics at semiconductor-
organic dye interface

4.1   Electron transfer processes in porphyrin 
and metalloporphyrin functionalized 
semiconductor NPs

In this section, we aimed to understand the key photoin-
duced dynamics in organic dye (e.g. porphyrin)-sensitized 
devices for enhanced solar energy conversion. Here, we 
demonstrate our work on protoporphyrin-sensitized ZnO 
nanoparticles (PP-ZnO) for light-harvesting applications 
[27]. We have also explored the role of different metal ions 
in ultrafast photoinduced dynamics and their implica-
tions in photocatalysis. The femtosecond-resolved tran-
sient absorption spectra (excitation wavelength = 350 nm) 
of the PP-ZnO nanohybrid in the presence and absence of 
iron and copper ions are shown in the wavelength range of 
360–440 nm in Figure 9. It should be noted that the peaks 
at 370 nm and ~415 nm correspond to host ZnO band gap 
(3.37 eV) and soret band of the guest PP, respectively. The 
decay profiles at 370  nm detection wavelength revealing 
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ground state recovery of the excited ZnO in the nanohybrid 
in the presence and absence of the metal ions are shown in 
Figure 9D. The interference of PP absorption at the detec-
tion wavelength (370 nm) was ruled out in a set of control 
experiments with pure PP, revealing a different time scale 
(~ns) of ground-state bleach recovery. The   numerical 
fitting of the transient absorption data of PP-ZnO shows 
decay time constants of 16.91 ps (48.63%), 88.64 ps 
(34.14%), and 7.44 ns (17.27%) for the ground state recovery 
of the host ZnO in the nanohybrid. While the nanohybrid 
in the presence of copper ion shows similar recovery time 
constants (16.20 ps (51.10%), 90.00 ps (30.98%) and 7.85 ns 
(17.92%)), a significant retardation of the time constants 
in the presence of the iron ions are observed (25.00  ps 
(58.29%), 204.23 ps (22.99%) and 11.01 ns (18.72%)). The 
time constants imply that the presence of iron ions can 
separate the electron-hole pairs of the excited ZnO NPs 
efficiently, leading to the slow recovery of the ground state 
of ZnO NPs in the nanohybrid. The transient absorption 
spectra of the Q bands of PP in the nanohybrids in the 
wavelength range 465–660 nm are shown in Figure 10A, 
C, E. From this figure, it is evident that the four numbers 
of Q bands present in the free base PP became essentially 
two in the presence of the iron and copper ions due to the 
higher molecular symmetry (D4h) [92]. The decay profiles 
at soret and Q bands revealing the ground state recovery 

of the excited PP in the nanohybrid in the presence and 
absence of metal ions are shown in Figure 10B, D, F. The 
decay time constants are shown in Table 3. From Table 3 
and Figure 10, it is clear that the presence of iron (III) ion 
delays the recovery of the excited PP, whereas the presence 
of copper ion exhibits similar time constants compared to 
PP in the nanohybrid. From the above observation on the 
ground state recovery dynamics, it is expected that upon 
UV excitation of ZnO in the nanohybrid in the presence of 
iron ion, the charge transfer is facilitated (longer exciton 
lifetime) and expected to reveal better photocatalysis [93].

The fluorescence decays of PP and PP-ZnO nanohy-
brid in the absence and presence of iron and copper ions 
are shown in Figure  11A and B (shorter time window) 
upon excitation of 409 nm and monitored at 630 nm. The 
fluorescence transients of PP and (Cu)PP are fitted with 
single exponential decays with a lifetime of 16.03 ns and 
17.29 ns, respectively (Table 4). The increase in the excited 
state lifetime of PP in the presence of copper ion may be 
indicative of the stability of the PP molecule as reported 
earlier [45]. The time-resolved data of (Cu)PP rules out the 
possibility of charge transfer transitions from PP to Cu ion, 
and thus, the steady-state quenching of the PP emission in 
the presence of Cu can be attributed to the fast intersystem 
crossing, which is beyond our experimental time window 
[94]. However, the fluorescence decay profile of PP in the 

Time (ps)

0

-20

-40

-60

0

-20

-40

-60

360 380 400 420

PP-ZnO

-0.8 ps
8.0 ps
24.5 ps
58.5 ps
316.5 ps

(Fe)PP-ZnO

(Fe)PP-ZnO

(Cu)PP-ZnO

PP-ZnO

λdet=370 nm

-0.7 ps
8.1 ps
24.6 ps
64.6 ps
306.6 ps

(Cu)PP-ZnO

-0.8 ps
10.5 ps
30.5 ps
71.5 ps
296.5 ps

440

A B

C D

∆m
O

D

∆m
O

D

Wavelength (nm)

0

3

2

1

0

-20

-40

-60
360 0 50 100 150 200380 400 420 440

∆m
O

D

N
or

m
al

iz
ed

 ∆
m

O
D

Wavelength (nm)

360 380 400 420 440
Wavelength (nm)

Figure 9: Transient absorption spectra of (A) PP-ZnO, (B) (Cu)PP-ZnO, and (C) (Fe)PP-ZnO at different time delays after excitation at 350 nm. 
(D) Time-resolved absorption changes of PP-ZnO (pink), (Cu)PP-ZnO (blue), (Fe)PP-ZnO (red) at probe wavelength 370 nm. All the spectra are 
studied in DMSO-water mixture (V/V). Chem. Eur. J. 2014, 20, 10475. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10: Transient absorption spectra of (A) PP-ZnO, (C) (Cu)PP-ZnO, and (E) (Fe)PP-ZnO) at different time delays after excitation at 350 nm. 
Time-resolved absorption changes of (B) PP-ZnO, (D) (Cu)PP-ZnO, and (F) (Fe)PP-ZnO at different probe wavelengths. All the spectra are 
studied in DMSO-water mixture (V/V). Chem. Eur. J. 2014, 20, 10475. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 3: Results of the fits of the transient absorption data at different probe wavelengths.

Sample   Monitored 
wavelength (nm)

  τ1 (ps)  τ2 (ps)  τ3 (ns)

PP-ZnO   370  16.91±0.22 (48.63%)  88.64±0.35 (34.14%)  7.44±0.21 (17.27%)
  415  6.00±0.20 (24.44%)  45.81±0.21 (26.54%)  1.60±0.12 (49.02%)
  543  3.73±0.20 (40.05%)  60.00±0.25 (29.92%)  1.60±0.11 (30.03%)
  590  5.84±0.20 (31.68%)  60.00±0.21 (26.11%)  1.60±0.15 (42.21%)

PP-Cu-ZnO  370  16.20±0.23 (51.10%)  90.00±0.30 (30.98%)  7.85±0.16 (17.92%)
  415  5.69±0.20 (27.87%)  61.45±0.25 (33.27%)  1.60±0.09 (38.86%)
  543  3.59±0.20 (23.68%)  27.52±0.20 (49.70%)  1.60±0.10 (26.62%)
  586  5.10±0.20 (31.20%)  40.93±0.22 (33.64%)  1.60±0.08 (35.16%)

PP-Fe-ZnO   370  25.00±0.25 (58.29%)  204.23±0.40 (22.99%)  11.01±0.25 (18.72%)
  415  15.00±0.21 (34.16%)  201.73±0.32 (17.90%)  1.60±0.08 (47.94%)
  550  13.41±0.21 (41.38%)  200.00±0.28 (7.56%)  1.60±0.09 (51.06%)
  590  13.06±0.20 (34.31%)  220.00±0.29 (11.82%)  1.60±0.10 (53.87%)
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presence of iron (III) shows shorter time constants of 0.048 
ns (50%) and 2.34 ns (5.95%) along with 16.61 ns (44.05%) 
with an average excited state lifetime of 7.48 ns. The faster 
excited state lifetime of the PP in the presence of iron ion 
could be correlated to the electron transfer process from 
PP to iron ion.

As shown in Figure 11, in the PP-ZnO nanohybrid, the 
fluorescence decay profile is composed of a faster com-
ponent of 2.06 ns (56.25%) and a longer component of 
16.77 ns (43.75%), indicating an electron transfer process 
from the PP molecule to the ZnO NPs. While the slower 
component is consistent with the excited state lifetime 
of PP without ZnO, the faster one may be rationalized as 
the electron migration time from PP to the host ZnO. In 
the presence of copper ion in the excited state dynam-
ics of the nanohybrid essentially remains unaltered. 
However, in the presence of iron (III), the decay profile 

of PP-ZnO shows an additional time component of 0.024 
ns (54.29%), which is absent in either PP-ZnO and PP-ZnO 
in the presence of copper ion and can be rationalized as 
an electron migration pathway from PP to the centrally 
located Fe(III).

4.2   Photocatalytic activity of porphyrin 
and metalloporphyrin functionalized 
semiconductor NPs

In order to understand the modulation of photocatalysis 
of PP-ZnO in the presence of different metal ions, we have 
performed photocatalysis measurement of the nanohy-
brid in quartz cuvette under visible light as displayed 
in Figure  12A. The inclusion of iron ion in the PP-ZnO 
nanohybrid significantly reduced the photocatalytic 
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Figure 11: Fluorescence decay profile of PP (blue), Cu-PP (cyan), Fe-PP (dark gray), PP-ZnO (pink), (Cu)PP-ZnO (green), (Fe)PP-ZnO (red) in 
(A) longer time window and (B) shorter time window. All the spectra are studied in DMSO-water mixture (V/V). Chem. Eur. J. 2014, 20, 10475. 
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 4: Picosecond-resolved fluorescence transients of PP, (Fe)PP, (Cu)PP, PP-ZnO, (Fe)PP-ZnO, and (Cu)PP-ZnO composites.a

Sample   τ1 (ns)  τ2 (ns)  τ3 (ns)  τavg(ns)  knr × 107(S-1)

PP   16.03±0.03 (100%)      16.03±0.03 
(Fe)PP   16.61±0.05 (44.05%)  2.34±0.10 (5.95%)  0.048±0.03 (50%)  7.48±0.03  7.12±0.05
(Cu)PP   17.29±0.03 (100%)      17.29±0.03 
PP-ZnO   16.77±0.06 (43.75%)  2.06±0.03 (56.25%)    8.50±0.04  5.52±0.04
(Fe)PP-ZnO   16.64±0.06 (19.04%)  2.02±0.03 (26.67%)  0.024±0.03 (54.29%)  3.72±0.03  20.63±0.13
(Cu)PP-ZnO  16.98±0.05 (63.04%)  2.06±0.03 (36.96%)    11.47±0.04  2.48±0.03

aThe emission (monitored at 630 nm) was detected with 409 nm laser excitation. knr represents nonradiative rate constant. Numbers in the 
parentheses indicate relative weightages.
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efficiency for the degradation of MB under visible light 
irradiation compared to that in the case of nanohybrid 
without metal and with copper ion. Relatively efficient 
photocatalysis of the nanohybrid with copper ion may 
be correlated with the additional structural stability 
of the PP in the nanohybrid. After 1-h visible light irra-
diation, 55% of MB was degraded in the presence of 
PP-ZnO. However, the presence of copper ion enhances 
the photocatalytic activity, and 80% MB degradation 
was observed. The copper ion provides stability to the 
PP moiety attached to the ZnO NPs, which leads to the 
enhancement in the photocatalytic activity. The pho-
tocatalytic activity of the PP-ZnO nanohybrid was sup-
pressed significantly in the presence of iron ions, and 
only 17% MB degradation was observed. In this case, 
the photoexcited electrons of PP were trapped in the 
Fe(III) ions preferably instead of ZnO, which is evident 
from the transient absorption (Figure 10) and TCSPC 
studies (Figure 11). Our transient absorption studies on 
the nanohybrid at 350 nm excitation reveals longer exci-
tonic lifetime in the presence of iron ion compared to 

Figure 12: Photocatalytic degradation of MB in the presence of ZnO 
(dark gray), PP-ZnO (pink), (Fe)PP-ZnO (red), (Cu)PP-ZnO (green), 
and only MB (blue) nanohybrids under the (A) visible light and (B) 
UV light irradiation. Chem. Eur. J. 2014, 20, 10475. Copyright 2014 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

that of either without metal or with copper ion. As men-
tioned earlier, incorporation of iron in the central cavity 
of the porphyrin under UV light irradiation is expected 
to offer better photocatalysis in contrast to that of the 
case under visible light irradiation. Another important 
fact is that any solar device should be exposed with 
some amount of UV radiation present in solar light (4–
5%). Thus, in order to investigate the role of UV excita-
tion, we have performed the photocatalytic activity of 
the nanohybrid in the presence and absence of metal 
ions under UV light irradiation as shown in Figure 12B. 
Under UV light irradiation, 55% MB degradation was 
observed in the presence of ZnO NPs, whereas in the 
presence of PP-ZnO nanohybrid, only 25% MB degra-
dation was evidenced. Under UV irradiation, the ZnO 
valence band (VB) electrons are excited to the CB, which 
can reduce dioxygen to superoxide, eventually leading 
to the production of hydroxyl radicals (OH˙). The hole 
in the valence band accept an electron from water to 
generate a hydroxyl radical (OH˙), which can also par-
ticipate in the degradation process. Thus, the efficiency 
of the nanohybrid essentially depends on the number of 
photo-generated carrier (electrons and holes) and their 
exciton lifetime. In the case of (Fe)PP-ZnO, the photo-
generated electron is shown to be trapped in the cen-
trally located iron moiety of the nanohybrid, and ROS 
generation is essentially governed by the hole in the 
valence band and enhanced exciton lifetime (as evi-
denced from transient absorption, discussed above). 
On the other hand, for (Cu)PP-ZnO, ROS generation is 
expected to be governed by the photo-generated carriers 
(both electrons and holes); however, it may not acquire 
extra advantage from the exciton lifetime (as evidenced 
from transient absorption), revealing comparable pho-
tocatalysis with respect to that in the (Fe)PP-ZnO nano-
hybrid. The significant retardation of photocatalysis in 
the case of PP-ZnO without metalation may be ration-
alized from the photo-reduction of the attached PP by 
the photo-excited electron from ZnO. We have observed 
significant photo-bleaching of PP in PP-ZnO nanohy-
brid in the absence of metal ions under UV irradiation. 
The overall mechanistic pathway of the photo-catalysis 
of the nanohybrid upon visible and UV irradiation is 
shown in Figure 13. Recently, Dabrowski et al. have per-
formed photophysical and photochemical studies on 5, 
10, 15, 20-tetrakis(2,6-difluoro-5-N-methylsulfamylophe-
nyl) porphyrin and its cobalt(III) and zinc(II) complexes 
and found that that impregnation of TiO2 (P25) with 
functionalized porphyrins can improve its photoactivity 
[95]. The photocatalytic activity of the complexes were 
examined by photodegradation of a synthetic opioid 
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such as tramadol hydrochloride (TRML) and a model 
pollutant, 4-chlorophenol, in aqueous solution under 
visible light irradiation (λ > 400 nm). The Zn (II) complex 
exhibited a superior photocatalytic performance toward 
TRML degradation. Radivojevic et al. have investigated 
a new mode of binding chromophores such as metal-
loporphyrins and metallophthalocyanines to oxide sur-
faces in DSSC through group IV metal ions (Hf (IV) and 
Zr (IV)), which protrudes sufficiently from the chromo-
phores to concomitantly bind to oxide surfaces [96]. The 
unique way of attaching dyes to the surface facilitat-
ing electron injection to the semiconductor may be due 
to the coupling of the dye orbitals with the Hf(IV) and 
Zr(IV) orbitals and simultaneously to the 3d orbitals of 
the CB of TiO2. In another study, the dye/semiconduc-
tor binding is described with a heterogeneous geometry 
where the Zn-porphyrin molecules are attached to the 
TiO2 surface with a distribution of tilt angles [97]. It was 
shown that the binding angle determines the porphyrin-
semiconductor electron transfer distance, and charge 
transfer occurs through space, rather than through the 
bridge connecting the porphyrin to the surface. In one 
of our recent publications, we have functionalized zinc 
phthalocyanine (ZnPc) with two carboxyl groups con-
taining a biologically important ligand, tartrate, using 
a facile wet chemistry route and duly sensitized zinc 
oxide (ZnO) to form nanohybrids for application in pho-
tocatalytic devices [28]. The efficiency of the material for 
photocatalysis under red light irradiation was found to 
be significantly enhanced compared to bare ZnO. Thus, 
the semiconductor-dye nanohybrids have proven to be 
efficient functional materials for solar energy harvesting 
applications.

Figure 13: Schematic representation of ultrafast dynamical pro-
cesses in protoporphyrin-zinc oxide nanohybrid in the presence of 
different central metal ions under UV and visible light excitation. 
Chem. Eur. J. 2014, 20, 10475. Copyright 2014 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim.

5   Key ultrafast light-harvesting 
dynamics at semiconductor- 
conducting polymer interface

5.1   Enhanced charge separation and FRET at 
heterojunctions between semiconductor 
nanoparticles and conducting polymer 
nanofibers

In order to investigate the interfacial charge separation 
at the nanoheterojunction between poly(1, 4-diphenylb-
utadiyne) nanofibers and ZnO nanoparticles (PDPB-ZnO), 
which is the key step for efficient light harvesting, the 
photoinduced carrier dynamics is monitored by steady 
state and picoseconds-resolved fluorescence studies. 
Room temperature PL spectra of PDPB exhibit a strong 
dependency on the excitation wavelength as shown in 
Figure 14A. The emission peak is red shifted from 410 nm 
to 650 nm at different excitation wavelengths from 350 nm 
to 600 nm. This suggests the presence of multiple emitting 
states in the polymer nanofibers, which are associated 
with the wide extend of conjugation in the different seg-
ments having various oligomeric and polymeric chains. 
This kind of phenomenon is well documented in the 
field of conjugated oligomers and polymers [98]. It has to 
be noted that the emission at 650  nm for the excitation 
wavelengths above 510 nm is originated from the conju-
gated polymer chain, which acts as molecular wire. The 
multiple photoluminescence are further investigated from 
the excitation spectra as shown in Figure 14B. The exci-
tation spectra of PDPB at different detection wavelengths 
reveal a maximum at 340 nm, which is consistent with the 
absorption spectra of PDPB. As the detection wavelength 
shifts from 420  nm to 600 nm, the tail of the excitation 
spectra extends to the visible region due to the extended 
conjugation in PDPB nanofibers. Moreover, the excitation 
spectra monitored at a wavelength of 650 nm shows a peak 
around 590 nm, which can be attributed to the long conju-
gated polymeric chain. In contrast, the emission spectrum 
of the PDPB-ZnO LHNH is independent on the excitation 
wavelength from 350 nm to 470 nm due to oligomeric units 
of the polymer, as shown in Figure 14C. However, the emis-
sion spectrum of LHNH illustrates a peak at 665 nm upon 
excitation at 600 nm, attributed to polymer chains. This 
observation clearly indicates the strong electronic interac-
tion between semiconducting PDPB nanofibers and ZnO 
NPs. Owing to the formation of nanoheterojunction with a 
large interfacial area, the mobility of the excitons toward 
the interface is facilitated [99]. Consequently, the excited 
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electrons from the polymer nanostructures instantly 
transfer to the ZnO NPs and eventually deexcite through 
defect centers located at the near surface that arise from 
oxygen vacancies [65]. The excitation spectrum of PDPB-
ZnO as shown in Figure 14D at the detection wavelength 
520 nm reveals two distinct peaks at 420 nm and 445 nm, 
which are consistent with the bandgap absorption of the 
oligomers.

The room temperature PL spectra of PDPB nanofib-
ers show an emission peak at 485 nm upon the excitation 
at 409 nm, as shown in Figure  15A. The intensity of the 
emission peak decreases considerably and is red shifted 
to 520  nm when the polymers are attached to the ZnO 
NPs. The shift is due to the strong electronic interaction 
and energy level alignment at the nanoheterojunction. 
The inset of Figure 15A shows the corresponding exci-
tation spectra. The picoseconds-resolved fluorescence 
decays (Figure 15C) of PDPB and PDPB-ZnO LHNH were 
measured upon excitation with 409 nm laser and moni-
tored at a wavelength of 520 nm. In the case of PDPB-ZnO 
LHNH, the decay curve of PDPB shows significant shorter 
lifetime of 30 ps (74%) compared to that of PDPB; 140 ps 
(45%) (Table 5). The observed decrease in lifetime can be 
correlated to the electron transfer process from PDPB oli-
gomers to the ZnO NPs. The charge separation from poly-
meric chain of PDPB to ZnO NPs is also monitored from 
steady state and time resolved spectroscopy, as shown in 

Figure 15B and D, respectively. The steady-state emission 
peak decreases and is red shifted to 665 nm for PDPB-ZnO 
LHNH upon excitation at 620 nm. The inset of Figure 15B 
shows the corresponding excitation spectra. As shown in 
Figure 15D, the fluorescence decay curve for PDPB upon 
excitation at 633  nm shows an intrinsic buildup with a 
rise component of 290 ps (monitored at 660 nm) due to 
delocalization of electrons in the conjugated polymeric 
chain. The emission decay curve of PDPB is fitted with a 
rise followed by single exponential decay function with a 
lifetime of 1.58 ns. However, the decay curve of PDPB-ZnO 
LHNH deviates from single exponential to biexponential 
showing one significant shorter lifetime of 30 ps (87%) 
and a longer lifetime of 1.24 ns (13%). Hence, the efficient 
photoinduced charge separation takes place at the nano-
heterojunction where electrons are transferred from the 
conjugated polymer nanofibers to the ZnO NPs, and holes 
remain in the polymers.

After studying the interfacial dynamics at the nano-
heterojunction using ZnO NPs with approximate size 
~20 nm, which does not have intrinsic defect state emis-
sion, ZnO NPs (~5 nm) were synthesized in situ on PDPB 
nanofibers to investigate the role of defect states in the 
photoinduced charge transfer processes. The ZnO NP 
(~5 nm) has an intrinsic defect state emission as shown in 
Figure 16A. Inset of Figure 16A illustrated the absorption 
spectrum of the corresponding ZnO NPs. The emission 
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Figure 15: PL spectra of PDPB, PDPB-ZnO at excitation wavelengths (A) 409 nm and (B) 633 nm. The inset shows excitation spectra 
 monitored at 520 nm and 660 nm, respectively. Fluorescence decay profiles of PDPB and PDPB-ZnO at (B) 520 nm (excitation at 409 nm) 
(D) 660 nm (excitation at 633 nm). Reproduced from Ref. [22].

Table 5: Dynamics of picosecond-resolved luminescence transients of PDPB and PDPB-ZnO LHNH.a

Sample   Excitation 
wavelength (nm)

  Detection 
wavelength (nm)

  τ1 (ns)  τ2 (ns)  τ3 (ns)

PDPB   409  520  0.14±0.03 (45.4%)  1.40±0.05 (34.8%)  4.85±0.10 (19.8%)
PDPB-ZnO   409  520  0.03±0.03 (74.2%)  0.30±0.03 (23.8%)  2.21±0.08 (2.0%)
PDPB   633  650  0.29±0.05 (-21%)  1.58±0.08 (121%) 
PDPB-ZnO   633  650  0.03±0.03 (86.7%)  1.24±0.05 (13.3%) 

aNumbers in the parentheses indicate relative weightages.

intensity decreases when ZnO NPs are attached to the 
PDPB nanofibers (inset of Figure 16B showed the TEM 
image of PDPB-ZnO, 5 nm), which can be attributed to 
photoinduced non-radiative processes from ZnO NPs to 
the PDPB nanofibers. There is significant spectral overlap 
between ZnO NP emission and PDPB absorption as shown 
in Figure 16B, which leads to a probable energy transfer. 
The picoseconds-resolved fluorescence decay profile of 
the donor ZnO NPs in the presence and absence of the 
acceptor PDPB were obtained upon excitation with a 
375-nm laser and monitored at 500 nm (P1) and 550 nm (P2) 
(Figure 16C and D, respectively). A shorter excited state 
lifetime of the ZnO NPs is clearly observed in the presence 
of PDPB. Details of the spectroscopic fitting parameters of 
the fluorescence transients are tabulated in Table 6. From 
FRET calculations, the distance between the donor ZnO 

NPs and acceptor PDPB nanofibers are determined to be 
3.4 nm and 3.1 nm for the P1 and P2 states, respectively. The 
FRET distance is consistent with the size of the ZnO NPs 
(radius = 2.5 nm). The energy transfer efficiency is calcu-
lated to be 64% and 70% from the P1 and P2 states, respec-
tively. This observation confirms the proximity between 
the PDPB and ZnO as well as UV light harvesting in the 
LHNH via energy transfer from ZnO to PDPB nanofibers.

5.2   Photocatalytic activity of PDPB-ZnO 
heterojunctions

In order to investigate the manifestation of the interfacial 
charge transfer dynamics in PDPB-ZnO heterojunction, 
the photocatalytic activity has been studied using methyl 
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Table 6: Dynamics of picosecond-resolved luminescence transients of PDPB and PDPB-ZnO LHNH.a

Sample   Excitation 
wavelength (nm)

  Detection 
wavelength (nm)

  τ1 (ns)  τ2 (ns)  τ3 (ns)  τavg (ns)

ZnO NP (5 nm)   375  500  0.82±0.05 (51.8%)  4.22±0.08 (40.7%)  29.30±0.11 (7.5%)  4.34±0.06
PDPB-ZnO   375  500  0.27±0.03 (53.3%)  2.15±0.05 (39.5%)  7.8±0.08 (7.2%)  1.55±0.05
ZnO NP (5 nm)   375  550  0.52±0.06 (51.3%)  4.01±0.08 (35.0%)  35.12±0.15 (13.7%)  6.48±0.08
PDPB-ZnO   375  550  0.34±0.03 (53.2%)  2.63±0.08 (39.8%)  9.89±0.10 (7%)  1.91±0.06

aNumbers in the parentheses indicate relative weightages.

orange (MO) as a model pollutant. The photocatalytic 
activity of the LHNH for degradation of MO under UV-VIS 
and Visible light was compared with ZnO NPs and PDPB 
nanofibers as a control experiment (Figure  17A and  B). 
Figure 17A demonstrates the efficient photocatalytic 
activity of PDPB-ZnO LHNH (74%) in comparison to both 
counter parts (PDPB, 18% and ZnO, 40%) under 240-min 
UV-VIS light irradiation (λ ≥ 365 nm). Figure 17B shows that 
the PDPB-ZnO LHNH is also very active for photocatalytic 
degradation of MO under 120-min visible light irradia-
tion. However, ZnO NPs having a wide bandgap did not 
show any visible light activity. The activity of the polymer 
nanostructures is much lower, ~17% in comparison to 

PDPB-ZnO LHNH (80%) under similar illumination con-
ditions. These observations suggest that due to efficient 
charge separation at the interface between PDPB and ZnO, 
the PDPB-ZnO LHNH is suitable for solar light harvesting. 
A large number of reactive species including h+, ˙OH, and 
O2˙- are involved in the photocatalytic oxidation process 
[100]. Hence, the effects of free radical scavengers on the 
degradation of MO were examined to elucidate the reac-
tion mechanism. To investigate the role of the excess elec-
trons, Cu2+ was used as a scavenger (it reacts with electron 
to yield Cu+). Tertiary butyl alcohol (TBA) was introduced 
as the scavenger of ˙OH, and ethylenediaminetetraacetic 
acid (EDTA) was adopted to quench the holes (h+) [101]. 
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As a consequence of quenching, the photocatalytic oxida-
tion reaction is partly suppressed. The effects of a series of 
scavengers on the degradation efficiency of MO are shown 
in Figure 17C. The degradation efficiency of PDPB-ZnO 
photocatalyst for MO is reduced to 44% after adding Cu2+. 
A similar trend is observed after the addition of EDTA and 
TBA. The corresponding photodegradation efficiencies 
decreased to 49% and 55%, respectively. According to the 
above experimental results, it can be clearly seen that O2˙- 
and h+ are the main reactive species in the photocatalytic 

Figure 17: Photocatalytic activity of PDPB nanofibers, ZnO nano-
particles and PDPB-ZnO light-harvesting nanoheterojunction. 
Photocatalytic degradation of MO in the presence of PDPB (red), 
ZnO (green), and PDPB-ZnO (blue) under (A) UV light, (B) visible light 
(1 sun) irradiation. (C) Effect of Cu2+, EDTA, and TBA on the photocat-
alytic activity of PDPB-ZnO LHNH. The photodegradation reaction of 
MO (initial concentration C0 = 0.3 × 10-4 m) was carried out in a 10-mm 
optical path quartz cell reactor containing 3.5 ml of a model solu-
tion with a concentration of 1 g.l-1 of the PDPB-ZnO, PDPB nanofiber 
(0.2 g.l-1), and ZnO NPs (1 g.l-1). Reproduced from Ref. [22].

Figure 18: Schematic presentation of the co-sensitization of differ-
ent PDPB oligomers to ZnO NPs and the interfacial carrier dynamics 
at the heterojunction showing the photocatalytic degradation of MO 
in aqueous solution.

oxidation process of MO, whereas ˙OH has a minimal 
effect on this process. The overall dynamical processes 
and enhanced photocatalytic activity is schematically 
shown in Figure  18. The modification of ZnO NPs with 
PDPB nanofibers was the first report where polymer nano-
structures have been used in order to form the nanoheter-
ojunction. Previously, several studies have been reported 
on the modification of ZnO with bulk polymers [102, 103]. 
Abdiryim et al. have reported that poly(3,4-ethylenediox-
ythiophene)/zinc oxide (PEDOT/ZnO) NCs prepared by a 
simple solid state heating method exhibits enhanced pho-
tocatalytic activity under both UV light and natural sun-
light irradiation [104].

6  Conclusion
In this review, four specific strategies for the modification 
of semiconductor nanostructures for visible light-respon-
sive activity have been discussed. In all kinds of modifica-
tions, ultrafast excited state charge transfer across oxide 
surfaces is involved. Thus, a detail spectroscopic investi-
gation is necessary to fully understand the microscopic 
mechanism as the band alignments and carrier dynamics 
across the interfaces are recognized as the key factors for 
light-harvesting applications. We have discussed the pho-
toinduced processes in PbS-ZnO LHAs, ZnO-Au nanocom-
posites, protoporphyrin-sensitized ZnO nanoparticles, 
and PDPB-ZnO nanoheterojunction. The studies unravel 
the strong correlation between the ultrafast processes 
and their implications in detoxification of pollutants in 
water. The exploration of interfacial carrier dynamics at 
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the heterostructure interface will be helpful in improving 
the design and efficiency of future solar energy-harvesting 
devices.
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