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ABSTRACT

In many cases light harvesting nanomaterials are commonly applied as photovoltaics as well as
photocatalyst materials. However, such a dual use depends critically on the charge dynamics across
the involved nanostructured interface. Here, we have investigated PbS-ZnO light harvesting assemblies
(LHAs) that can lead to efficient photovoltaics. In contrast, their photocatalytic properties remain poor.
We demonstrate that fundamental, ultrafast photoinduced charge separation and charge recombination
processes at the semiconductor-semiconductor interface are key factors for the dual application of LHAs.
In the course of our investigation we have synthesized and characterized the PbS-ZnO LHAs using high
resolution transmission electron microscopy (HRTEM) and UV-vis absorption spectroscopy. Picosecond-
resolved photoluminescence study has been employed to investigate the ultrafast interfacial charge
transfer dynamics within the LHA upon photoexcitation. Picosecond-resolved PL-quenching of ZnO
nanoparticles (NPs) show Forster Resonance Energy Transfer (FRET) from donor ZnO NPs to the acceptor
PbS quantum dots (QDs) and the latter has been employed to confirm the proximity of PbS to the host
ZnO with molecular resolution. The photocatalytic activity of PbS—ZnO LHAs is probed by monitoring
the photoreduction of the test contaminant methylene blue (MB) and correlated with ultrafast
spectroscopic studies on LHAs. This allows a conclusion on the role of ultrafast electron shuttling across
the interface in making the electron unavailable for a reduction of MB. The prospective use of the LHAs in
photovoltaics is investigated by photoelectrochemical studies where working electrodes of PbS-ZnO
LHAs show higher photocurrents than that of bare ZnO NPs. This clearly indicates that the presence of an
Indiumtinoxide (ITO) substrate provides directionality to the shuttling electrons at the PbS-ZnO
interface. The exploration of interfacial carrier dynamics in PbS-ZnO LHAs will be helpful in improving
the design and efficiency of future solar energy harvesting devices.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

oxide surfaces, either naked or with adsorbed species, is important
to fully understand the microscopic mechanism related to tech-

Light harvesting through photocatalysis[1] (PC) and dye sensi-
tized solar cells[2] (DSSC) are related to excited state charge
transfer across nanostructured oxide surfaces. The former case
consists of the absorption of photons at the oxide surfaces with
the consequent generation of electron/hole pairs and eventual
reduction/oxidation of adsorbed contaminant species. On the
other hand in the latter case the photogenerated electron/hole
pairs at the oxide surface migrate to the external circuit for
photocurrent generation through an electrical load. Thus it is clear
that a precise knowledge of excited state charge transfer across
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nologically important processes of PC and DSSC, both of which
indeed have strong social impact. Technological advances in
multiple areas from solar energy conversion (DSSC) to environ-
mental remediation (PC) have been exploiting the exceptional
properties of TiO, and ZnO.[3-5] However, one limitation of the
oxide materials is the large band gap which renders clean solar
energy driven processes inefficient. In order to sensitize the oxides
in the visible light, several strategies have been studied. In
photovoltaics, sensitization with visible light absorbing dyes is a
prevalent solution.[2] In photocatalysis strategies include impurity
doping[6,7] in addition to the dye sensitization[8,9] of the host
oxide nanoparticles. In one of our recent studies, hematoporphyrin
sensitized ZnO nanorods exhibit twin applications in efficient
visible light photocatalysis (VLP) and DSSC.[10] As the stability of
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an organic dye on a wide band gap oxide material is an issue,
another approach beside the organic dye sensitization is to
combine the material with a semiconductor that has a narrow
band gap and an energetically high-lying conduction band.[11] In
this direction, Kamat[12] and coworkers show photoinduced
electron transfer from CdSe quantum dots (QDs) of different sizes
to three unique metal oxide (TiO,, ZnO and Sn0O;) 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.

Lead chalcogenides (mainly PbS and PbSe) are gaining research
interest because of their unique photophysical properties such as
tunable and broad spectral responses extending from the visible to
near-IR regions,[13,14] high absorption coefficient,[15] long exci-
ton lifetimes,[16,17] multiple exciton generation (MEG),[18-21]
and hot carrier extraction.[22] In a survey of contemporary
literature it appeared that PbS quantum dot sensitized solar cells
are efficient to harvest light in the NIR region.[23,24] However, the
works related to the use of the PbS sensitized nanomaterials for
the photocatalysis application in the visible region, clearly indicate
[25] that the material is sensitive in the visible (at light energy of
2.5 times higher than the band gap of QD) rather NIR region. Being
in this regime, investigation of dynamical steps in the universality/
limitation of such common applications of the nanomaterial in
similar experimental conditions is the primary motive of the
present study.

Here, we have synthesized and characterized the nanoscopic
structure using high resolution transmission electron microscopy
(HRTEM) of a well-known light-harvesting assembly (LHA), PbS
QD sensitized ZnO nanoparticles (NPs) and their common applica-
tions in photocatalysis and solar cell. As both the parent materials
ZnO and PbS have their intrinsic photoluminescence (PL) because
of their defect states and band gap emission, respectively,[26,27]
steady state spectroscopic studies on the LHA have been employed
for the interfacial charge/energy migration. Picosecond-resolved
PL-quenching of ZnO nanoparticles shows Forster Resonance
Energy Transfer (FRET) from donor ZnO to the acceptor PbS
revealing nanoconjugate of the parent materials in the LHA.
Picosecond-resolved photoluminescence (PL) study have been
employed to investigate the ultrafast interfacial charge transfer
dynamics in the LHA upon photoexcitation. We have also applied
the LHA for the potential use in photocatalysis and photovoltaic
applications under illumination of a number of excitation wave-
lengths ranging from UV to VIS region. The difference in efficacies
of the LHA in the PC and DSSC applications is rationalized from the
crucial interfacial charge migration upon photoexcitation.

2. Experimental section

Analytical grade chemicals were used for synthesis without
further purifications.

2.1. Synthesis of ZnO NPs

ZnO NPs were synthesized in a colloidal solution using ethanol,
C,Hs0H (Merck), as the solvent. The coprecipitation technique has
been reported in previous publications from the group.[28-30]
Briefly, 20 mL of 4 mM zinc acetate dihydrate, (CH3CO0),Zn, 2H,0
(Merck), solution was heated at 70 °C for 30 min. 20 mL of 4 mM
sodium hydroxide, NaOH (Merck), solution in ethanol was then
added and the mixture was hydrolyzed for 2 h at 60 °C to obtain
NPs of average diameters of ~6 nm.

2.2. Sensitization of PbS QDs on ZnO NP surface

TOPO capped colloidal PbS QDs (EviDots from Evident technol-
ogies) in toluene were assembled to the ZnO NPs by constant
stirring at room temperature in the dark for 12 h. After the
sensitization process, the solution was centrifuged for a few
minutes and the supernatant clear solution was removed. Then
the sensitized material was washed with toluene several times.
The LHA was then dried in a water bath and stored in the dark
until further use.

2.3. Characterization methods

Transmission electron microscopy (TEM) grids were prepared
by applying a diluted drop of the ZnO—-PbS LHAs samples to
carbon-coated copper grids. Particle sizes were determined from
micrographs recorded at a magnification of 100000X using an FEI
(Technai S-Twin, operating at 200 kV) instrument. For optical
experiments, the steady-state absorption and emission were
determined with a Shimadzu UV-2450 spectrophotometer and a
Jobin Yvon Fluoromax-3 fluorimeter respectively. Picosecond-
resolved spectroscopic studies were done using a commercial
time correlated single photon counting (TCSPC) setup from Edin-
burgh Instruments (instrument response function (IRF=80 ps),
excitation at 375 nm). The observed fluorescence transients were
fitted by using a nonlinear least square fitting procedure to a
function (X(t): ]é E(t‘)R(t—t')dt‘) comprising of convolution of
the IRF (E(t)) with a sum of exponentials (R(t) = A+ Z,N: 1 Bie~t/m)
with pre-exponential factors (B;), characteristic lifetimes (z;) and a
background (A). Relative concentration in a multi-exponential
decay is finally expressed as, ¢, = B, /(>_M_; By) x 100. The average
lifetime (amplitude-weighted) of a multi-exponential decay is

expressed as zqy = Zf’:1 Citi.
2.4. Forster resonance energy transfer (FRET) calculations

In order to estimate FRET efficiency of the donor (ZnO) and
hence to determine distance of donor-acceptor pairs, we used the
following methodology.[31] The Férster distance (Rp) is given by,

Ro=0.211 x [k2n~4QpJ}t (inA) 1)

where, 2 is a factor describing the relative orientation in space of
the transition dipoles of the donor and acceptor. For donor and
acceptors that randomize by rotational diffusion prior to energy
transfer, the magnitude of «? is assumed to be 2/3. The refractive
index (n) of the medium is assumed to be 1.496. Qp, the integrated
quantum yield of the donor in the absence of acceptor is measured
to be 3.8x 1072, the overlap integral, which expresses the
degree of spectral overlap between the donor emission and the
acceptor absorption, is given by,

_J5° Fo(ea(a*dr

J= @)

where, Fp()) is the fluorescence intensity of the donor in the
wavelength range of A to A+dx and is dimensionless; ea(A) is the
extinction coefficient (in M~ ! cm ') of the acceptor at A. If 1 is in
nm, then ] is in units of M~ 'cm~'nm®. The estimated value of the
overlap integral is 2.50 x 10'°. Once the value of Ry is known, the
donor-acceptor distance (rps) can be easily calculated using the
formula,

o IR0 -B)
DA — E

Here E is the efficiency of energy transfer. The transfer
efficiency is measured using the relative fluorescence lifetime of

3)
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the donor, in absence (tp) and presence (tpa) of the acceptor.

E—1-1PA (4)
™
From the average lifetime calculation for the PbS-ZnO LHAs, we
obtain the effective distance between the donor and the acceptor
(rpa), using Egs. 3 and 4.

2.5. Photocatalysis measurement

For photocatalysis study, PbS-ZnO NCs were dispersed in DI
water and aqueous solution of MB in DI water was used as test
contaminant. A homemade UV source (8 W) along with high pass
optical filters (320 nm and 475 nm) was used as a light source in
this study. The mixture of photocatalyst and contaminant was
irradiated for 1 h and the absorbance data were collected by ocean
optics high resolution spectrometer through a computer interface.
In all the cases, MB concentration was 5.4 mM and pH of the
solution was 6.0. The percentage degradation (% DE) of MB was
determined by using eq. 5:

Io—1I
o

where, [y is the initial absorption intensity of MB at Aj.x= 660 nm
and I is the absorption intensity after 1h of continuous
photoirradiation.

% DE =

x 100 €)

2.6. Photoelectrochemical measurements

Photoelectrochemical measurements were carried out in a
three electrode cell with ZnO NPs and PbS-ZnO LHAs on ITO as
working electrode, Pt wire as the counter electrode, Ag/AgCl as
reference electrode and 0.5 mM aqueous NaOH solution as elec-
trolyte. Data were obtained using a CH analyzer potentiostat
(CHI1110C). The working electrode was irradiated with a Xenon
light source (100 mW cm~2).

3. Results and discussion

As illustrated in Fig. 1a, the representative high-resolution TEM
(HRTEM) image of the PbS —ZnO LHA shows the average diameter
is ~6 nm and ~3.2 nm for ZnO NPs and PbS QDs, respectively and
confirms the proximity between PbS QDs and ZnO NPs. The
synthesized ZnO NPs are spherical in shape and the NPs (diameter
~6 nm) do not show any quantum confinement effect as the Bohr
radius of ZnO is~3 nm. The lattice fringes of ZnO NPs and PbS QDs
in PbS—Zn0O LHAs are illustrated, which shows interplanar dis-
tances of ~0.314 and ~0.209 nm, corresponding to the spacing
between two (1 0 0) planes[30] of ZnO NP and (2 2 0) planes[32] of
PbS QD, respectively. In order to determine the complex formation
between the TOPO-capped PbS QDs and ZnO NPs in the PbS—Zn0
LHAs, we have also studied UV-vis spectroscopy, as shown in
Fig. 1b. The bare ZnO NPs show absorption peak at 326 nm
corresponding to the band-gap excitation, which is found to be
red-shifted to 337 nm in PbS—ZnO LHAs. A bathochromic shift of
~11 nm in the absorption spectra can be attributed to the ground-
state complex formation between PbS and ZnO NPs. The inset of
Fig. 1b shows the absorption spectra of TOPO-capped PbS QDs.

As shown in Fig. 2a, the room temperature PL spectrum of ZnO
NP is comprised of two emission bands upon excitation above the
band-edge (1ex=300nm).[30] The narrow UV band centered at
363 nm is due to the exciton recombination. The defect centers
located near the surface are responsible for broad emission in blue
green region which is composed of two bands, one arises from
doubly charged vacancy center (Vg *) located at 555 nm (P,) and
the other arises from singly charged vacancy center (V5 ) located at
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Fig. 1. (a) High-resolution TEM (HRTEM) image of PbS —ZnO LHA where PbS QD is
attached to the ZnO NP surface. (b) UV-vis absorption spectra of bare ZnO NPs
(dark green) and PbS—ZnO LHAs (blue). The inset shows the absorption spectra of
PbS QDs (red).

500 nm (Pq).[33,34] For PbS—ZnO LHAs, there is a considerable
decrease in the intensity of both the emission peaks as compared
to the bare ZnO NPs. The decrease in emission intensities can be
attributed to the efficient non-radiative photoinduced processes in
PbS—ZnO interface. Herein, we propose Forster Resonance Energy
Transfer (FRET) from the donor ZnO NPs to the acceptor PbS QDs in
PbS-ZnO LHAs, which is responsible for the observed inhibition of
the emission bands. The spectral overlap of the defect-mediated PL
band of ZnO NPs with that of the PbS absorption is shown in
Fig. 2a, inset. The fluorescence decay of bare ZnO NPs and
PbS—ZnO LHAs were obtained upon excitation of 375 nm laser
and monitored at 500 nm and 555 nm (Fig. 2b 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 spectroscopic parameters and the fitting parameters of the
fluorescence decays are tabulated in Table 1. From FRET calcula-
tions, the distance between the donor and acceptor are deter-
mined to be 1.71 nm and 1.61 nm for P; and P, states, respectively.
The calculated distances are consistent with the fact that the
radius of the ZnO NPs used is ~3 nm and P, states are closer to the
surface which leads to the shorter distance compare to the P,
states. The energy transfer efficiency is calculated to be 81.6% and
86.3% from P; and P, states, respectively. The observation is in
agreement with the reported literature that the P, state is in the
proximity of the NP surface.[29,35] Further confirmation of non-
radiative energy transfer from the ZnO NPs (donor) to the
associated PbS QDs (acceptor) is evident from the emission
characteristics of the acceptor as shown in Fig. 3. The excitation
spectrum of the LHAs at the detection wavelength of 820 nm
(acceptor emission) as shown in Fig. 3a clearly reveals a maximum
at 360 nm, which is close to the absorption maximum of the ZnO
NPs. The observation is consistent with the fact that the absorbed
energy in the ZnO NPs migrate to the PbS QDs through a
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non-radiative pathway.[36] In the case of FRET, it is expected that
emission transient from the acceptor shows buildup in the time-
scale comparable to the decay of the energy donor.[36] As shown
in Fig. 3b, the emission transient of the acceptor 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[12] and found to be 1.45 x 107 s,
which is close to the FRET rate from donor ZnO NPs to acceptor
PbS QDs (1.47 x 107 s~!'). The observation confirms the non-
radiative energy transfer process from the donor ZnO NPs to the
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Fig. 2. (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, P; (500 nm) and P, (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 (red) collected at
(b) 500 nm, (c) 555 nm and (d) 540 nm (shorter time window) are shown.

Table 1

acceptor PbS QDs. As shown in Fig. 3b the overall quenching of the
emission (steady state and transient) of PbS QDs in the LHAs
clearly indicates that other non-radiative excited state events are
associated following the energy transfer from the donor ZnO NPs.
In order to investigate the non-radiative pathway of PbS QDs in
the LHAs upon excitation, we have excited the nanocomposite at
510 nm and followed the steady and time-resolved emission as
shown in Fig. 4. 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 non-radiative
pathway.[37] A non radiative ultrafast decay of 40 ps revealing the
charge migration from the excited PbS to the host ZnO NPs is
evident from Fig. 4b. The manifestation of such charge transfer
process in the emission of ZnO NPs at 540 nm upon excitation at
375 nm is also evident from Fig. 2d.
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Fig. 3. (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 (excitation 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 excitation
at 375 nm.

Dynamics of picosecond-resolved luminescence transients of ZnO NP, PbS-ZnO LHA and PbS QD?

Sample

Excitation wavelength (nm)  Detection wavelength (nm) 77 (ns) 1, (ns) T3 (nS) Tavg (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 4+ 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%) 336 +£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 + 2.7 (2.1%) 2424012
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%) 141 +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 + 0.058

2 Numbers in the parenthesis indicate relative weightages.
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Fig. 4. (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 820 nm.

Table 1 reveals that the shorter component of the decay of bare
ZnO NPs (0.46 ns and 0.37 ns for P; and P, states respectively)
increases upon attaching to the PbS QDs (1.30ns and 1.32ns
respectively). The lengthening of the faster relaxation times from
the P; and P, states confirms the following two phenomena.
Firstly, the quenching due to FRET is not operative in the time
timescale of ~400 ps. Secondly, the recombination processes in
the ZnO defect states are heavily retarded in the proximity of PbS
QDs as clearly shown in Fig. 2d. The retardation of the recombina-
tion may be attributed to the quenching of the photoexcited holes
of ZnO NPs by the PbS QDs. In an earlier study the proximity of a
hole trapping molecule (4-amino-thiophenole) to CdSe QD is
shown to increase the radiative recombination time of the QD at
room temperature.[38] 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 recovered from the electron in the conduction band/P; state of
the ZnO NPs (upper panel of scheme 1).

The room temperature PL spectra of PbS QDs shows emission
peak at 820 nm upon the excitation at 510 nm, as shown in Fig. 4a.
The intensity of the emission peak decreases considerably when
the QDs are attached to the ZnO NPs. This is attributed to the
efficient charge migration from the conduction band of PbS QD to
the ZnO NPs.[16] The fluorescence decays (Fig. 4b) of PbS QDs and
PbS —ZnO LHAs were measured upon excitation with 510 nm laser,
and monitored at wavelength 820 nm. The emission decay curve
of PbS QDs is fitted with single exponential function with a
lifetime of 130.35 ns (Table 1). In case of PbS—Zn0O LHA, the decay
curve of PbS QD deviated from single exponential to bi-
exponential showing one significant shorter lifetime 40 ps (99%)
and a minor longer lifetime of 140 ns (1%). The observed decrease
in lifetime could be correlated to the electron transfer process
from PbS QDs to ZnO NPs.[16,39] Plass et al.[37] have investigated
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Scheme 1. 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 photocatalysis and photovoltaic applications.

the electron transfer in a solar cell structure made by in situ
growth of PbS QDs in a porous TiO, film, where initial charge
separation occurs in 1 ps due to the electron trapping in PbS QD
followed by electron injection into the conduction band of TiO,
having a time constant of 20 ps. The band alignment of PbS QDs
and ZnO NPs are well documented in the literature. The energy
levels of photoexcited electrons and holes of 3.2 nm PbS QDs are at
—3.7 and -5.1eV[16] and the lowest unoccupied molecular
orbital (LUMO) of ZnO NPs is —4.3 eV.[40] Eita et al.[41] have
shown that the electron injection from photoexcited PbS QDs to
ZnO NPs over ITO plate occurs on a time scale of a few hundred
femtoseconds and the observation is supported by the interfacial
electronic-energy alignment between the donor and acceptor
moieties.

In order to investigate the interfacial charge transfer dynamics
in photocatalysis application, we have probed the methylene blue
(MB) reduction in 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 (8 W) before the
sample. The results for the photoreduction of MB are shown in
Fig. 5a. The photoreduction of MB implies the generation of the
colorless photoproduct Leuco-Methylene Blue (LMB). The max-
imum photoreduction is observed in the presence of ZnO NPs
under UV irradiation while using 475 HP optical filter no photo-
reduction of MB is observed. This is obvious because ZnO being a
wide band gap (3.37 eV) semiconductor, the band-gap 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 presence and absence of the HP filter.
We have attributed the de-excitation of ZnO NPs through FRET to
be responsible for the less photocatalytic activity of the LHAs in UV
light excitation (no filter) as shown in the upper panel of
Scheme 1. 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 conduction band of the ZnO NPs as shown in
lower panel of Scheme 1. 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.
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Fig. 5. (a) Photocatalytic degradation of MB in the presence of PbS QDs (blue), ZnO
NPs (red and dark red) and PbS—ZnO LHA (dark green and pink) under different
irradiation conditions (the optical filters used for the desired irradiation are
indicated in the parentheses). (b) Photocurrent 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~? incident power irradiation.

In order to investigate the efficacy of PbS-ZnO LHAs in photo-
voltaic application, we have performed photoelectrochemical
measurements in a half cell geometry using the LHAs on ITO plate
as anode and Pt as counter electrode.[42] For I-V measurement,
the Ag/Ag™ couple are used as reference electrode. The photo-
current measurement of ZnO and PbS-ZnO LHAs were carried out
in order to better understand the electron transfer processes in
terms of short circuit current. The light source (100 mW cm2)
was turned on and off every 60 s and the obtained photocurrent
values were continuously recorded. As shown in Fig. 5b, 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
spectrum from UV to NIR in contrast to the ZnO NPs, which is
expected to harvest only UV region of the incident white light. The
initial spike is observed due to the slower recovery of the

photoexcited holes from the electrolytes and is consistent with
other studies reported in the literature.[42] Significant enhance-
ment of the photocurrent in 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 lower panel of Scheme 1. The I-V characteristics of the
LHAs in presence of white light as shown in Fig. 5c reveals
significantly higher short-circuit current compared to those of
the ZnO NPs. The observation clearly indicates the importance of
the presence of ITO plate in the interfacial carrier dynamics of PbS-
ZnO LHAs in photovoltaic application.

4. Conclusion

We have investigated dynamical processes in PbS-ZnO light
harvesting assemblies upon photoexcitation and their common
applications in photocatalysis and photovoltaics. The picosecond-
resolved PL-quenching of ZnO nanoparticles in the presence of PbS
quantum dots shows Forster Resonance Energy Transfer (FRET)
from donor ZnO NPs to the acceptor PbS QDs and has been
employed to confirm molecular proximity. Picosecond-resolved
time correlated single photon counting (TCSPC) shows the ultra-
fast quenching of photoexcited holes in the ZnO NPs by PbS QDs.
The photocatalytic activity of PbS—ZnO LHAs is probed by mon-
itoring the photoreduction of the test contaminant methylene blue
(MB). This shows that the LHA is inefficient as a photocatalyst
because the photoexcited electrons shuttle across the
semiconductor-semiconductor interface and are unavailable to
the MB. The prospective use of the LHAs in photovoltaics is
investigated by the photoelectrochemical studies where PbS-ZnO
LHAs as working electrode shows higher photocurrent than that of
bare ZnO NPs. This clearly indicates that the presence of ITO
substrate provides directionality to the shuttling electrons at the
PbS-ZnO interface. Thus PbS-ZnO LHAs are efficient in solar cell
applications but are inefficient in heterogeneous catalysis. The
exploration of interfacial carrier dynamics in PbS-ZnO LHAs will be
helpful in improving the design and efficiency of the future solar
energy harvesting devices.
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