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A greener route to photoelectrochemically active PbS nanoparticles†
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A cheap and more environmentally friendly method for the synthesis of high quality PbS nanoparticles

in olive oil at 60 �C has been developed. Carefully controlling the conditions of reactions leads to PbS

nanoparticles with well-defined sizes, and band gaps between 1.72 and 0.88 eV. The nanoparticles were

characterized by XRD, HRTEM, NIR absorption spectroscopy, X-ray photoelectron spectroscopy

(XPS) and a fluorescence lifetime experiment based on the time-correlated single photon counting

(TCSPC) technique. Photoelectrochemical study carried out by steady-state current–voltage

measurements of self-assembled PbS nanoparticles on ZnO–SnO2 electrodes in 1 M Na2SO3 electrolyte

solution showed that as-prepared PbS nanoparticles were photochemically active.
Introduction

Greener chemical methods are increasingly used for chemical

synthesis1–5 including those of inorganic nanomaterials.6–10 A set

of 12 principles for greener synthesis was defined by Anastas and

Warner, these can be used as a guide by the synthetic chemist.11–19

The driving force for such work in nanomaterials synthesis

includes: minimizing chemical hazards to health, reducing eco-

toxicity, a need for a competitive high quality products and using

energy efficient chemical processes. In line with these ideas green

nanochemistry attempts to develop methods to synthesize

nanomaterials without using auxiliary solvents and/or surfac-

tants thus leading to more environmentally benign nano-

materials, potentially with reduced toxicity.20,21

PbS is an important direct band gap semiconductor material

with a small band gap (0.41 eV)22 and finds applications in near-

IR communications.23 It has a large Bohr radius (18 nm),22 high

dielectric constant (18)22 and very high carrier mobility

(0.44 Cm2 V�1$S�1).23 These properties lead to a third order

nonlinear optical response some 30 times that of GaAs and 1000

times that of CdS nanoparticles for particles of similar size.22

These features make PbS nanoparticles particularly suitable in

optical and photonic device applications.23,24 Near-infrared

(NIR) emitting nanocrystals have also been used as biological

labels, and as light harvesters.25,26 Lead sulfide nanoparticles can
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also show multiple exciton generation (MEG), in which the

impact of a single photon produces two or more excitons.27–31

This phenomenon has raised the possibility of quantum dot

based solar cells with photoconversion efficiency of as much as

66%.32–37 It is also an attractive candidate for constructing such

cells due to the fact that its band gap can be tuned across visible

to NIR region (700–1600 nm).

Several synthetic methods have been used for the preparation

of PbS nanoparticles.38–45 However, the rapid injection of

precursor(s) into hot coordinating solvents remains the most

common method with quite good control of size and reproduc-

ibility being routinely attained. The injection methods often use

trioctylphosphine (TOP) or tributylphosphine (TBP),

trioctylphosphine oxide (TOPO) or oleylamine (OA) and other

long chain amines as solvents and capping agents. The use of

TOPO and other organic capping agents has been shown to

enhance the toxicity of nanoparticles in vivo applications.46–48

Poor surface passivation and photosensitivity with capping

agents such as TOPO and thiol can accelerate the degradation of

nanoparticles after their preparation.49–52 Additionally, TOP and

TBP are quite hazardous and unstable. One solution to this

problem is to use ionic liquids as solvent for synthesis.53–58 This

approach also suffers from a number of drawbacks such as the

requirement of capping agents, the high cost of ionic liquids and

low solubility in these media of many precursors that are

generally available.

Herein we report the synthesis of PbS nanoparticles in olive oil

as an alternative to conventional organic capping agents and

solvents. Olive oil is principally a triacylglyceride of long chain

fatty acids including oleic, linoleic and linolenic acids; additional

minor components are monoterpenes and long chain phenolic

esters.59–72 The use of olive oil as a capping agent and solvent

eliminates the need for the use of air-sensitive, toxic and expen-

sive chemicals such as TOP, TBP or amines. This method can

easily be scaled for the gram scale synthesis of nanoparticles. To

the best of our knowledge, there are no reports of the synthesis of

PbS nanoparticles at such a low temperature (60 �C) in green

solvent.
This journal is ª The Royal Society of Chemistry 2010



Experimental section

Materials

PbO (99.99%, Aldrich), olive oil (extra virgin, purchased from

Tesco supermarket, see ESI† for composition of olive oil), TMS

(bistrimethylsilyl sulfide), sulfur, potassium diethyl xanthate,

lead acetate 99.9%, and mercaptopropionic acid (MPA, 99%

purity) were obtained from Aldrich Chemicals. Acetone and

toluene were distilled prior to use. Fluorine-doped tin oxide

(FTO) coated glass substrates (TEC8, 8 U) were purchased from

Pilkington.
General procedure for the synthesis of PbS nanoparticles

PbO (0.90 g, 3.75 mmol) was dissolved in 12.5 mL of olive oil,

1 mL of oleic acid and 1 mL of octadecene and heated to 150 �C

under vacuum for 2 h. The flask was flushed with nitrogen and

the injection temperature was adjusted to 60 �C. In another flask

100–600 mL (0.93–1.87 mmol) of TMS were dissolved in 2 mL of

olive oil and 0.5 mL of octadecene kept under nitrogen for 30 min

at room temperature. The rapid injection of TMS solution into

the reaction flask changed the colour of the reaction mixture

from colourless to brown-red and then to dark black depending

on the growth time (10–180 s) as monitored by a stopwatch. The

mixture was cooled to room temperature and 20 mL of anhy-

drous acetone were added to give a black precipitate of PbS

nanoparticles which was separated by centrifugation for 10 min

at 4000 rpm. The material obtained was then redispersed in dry

toluene (5 mL) and re-precipitated by adding anhydrous acetone

to wash off any excess olive oil. The purpose of the addition of

oleic acid is to dissolve PbO completely while octadecene was

added to decrease the viscosity of the mixture to induce uniform

nucleation of nanoparticles. Elemental sulfur can be used instead

of TMS as S2� source.
Deposition of ZnO–SnO2 composite films

The fluorine-doped tin oxide (FTO) coated glass substrates

(Pilkington TEC8, 8 U) were washed in an ultrasonic bath with

deionized water, propanol, acetone, and ethanol, and were then

stored in ethanol until used. Nanocrystalline ZnO and ZnO–

SnO2 composite films were deposited by a combination of

aerosol-assisted chemical vapour deposition (AACVD) and

doctor-blade methods, followed by annealing of the films in air at

450 �C for 30 min. The average film thickness of nanocrystalline

ZnO and ZnO–SnO2 composite films was determined from cross-

sectional SEM images, while the average particle radius was

estimated (ca. 300 nm) by topographical SEM images.
Sensitization of PbS quantum dots to ZnO–SnO2 composite

films

ZnO–SnO2 coated FTO substrates were placed in neat 3-mer-

captopropanoic acid (10 mL) in 100 mL flask under N2 atmo-

sphere for 14 h. Due to high affinity of the –COOH group towards

Lewis acid sites on oxide surface, –COOH groups adsorbed on the

surface leaving –SH ends away from the surface. In another

100 mL flask 85 mg of PbS nanoparticles prepared in olive oil were

dissolved under nitrogen in 10 mL of anhydrous toluene. After
This journal is ª The Royal Society of Chemistry 2010
14 h substrates were removed one by one and washed with dry

toluene to remove excess of 3-mercaptopropanoic acid from the

electrode surfaces. They were immediately placed in a dry toluene

solution of PbS nanoparticles prepared in olive oil overnight.

Within the first hour ZnO–SnO2 surface turned brown in colour

indicating the start of the sensitization process. The free –SH

group has a high affinity towards PbS dots which will gradually

replace triglycerides of olive oil from the surface of PbS dots, thus

attaching the dots directly to the oxide surface via the –SH group

of mercaptopropanoic acid as the linker.73 On the completion of

the sensitization process, the substrates were removed and washed

with toluene to remove loosely attached PbS nanoparticles from

the electrode surface. The sensitization process was carried out

under N2 and in the dark.

Photoelectrochemical (PEC) measurements

Photoelectrochemical measurements were conducted using

a three-electrode configuration in 1 M Na2SO3 electrolyte,

Ag/AgCl/KCl as reference electrode, and a platinum wire as the

counter electrode. The potential of the photoelectrode was

controlled by a potentiostat (microAutoLab, type III). In the

electrochemical cell, light enters through a quartz window and

travels about a 5 mm path length in the electrolyte before illu-

minating the photoelectrode. The PbS sensitized metal oxide

electrodes were illuminated on the electrolyte side, and the illu-

mination area was 0.8 cm2. The illumination source was an

AM1.5 class A solar simulator (Solar Light 16S—300 solar

simulator) equipped with a 300 W xenon lamp. The intensity of

the light was calibrated at 1000 W m�2 using a class II pyran-

ometer (PMA2144, Solar Light Co., Inc.) equipped with a digital

photometer (PMA2100, Solar Light Co., Inc.).

Characterization

X-Ray powder diffraction patterns were obtained using a Bruker

D8 AXE diffractometer (Cu-Ka). TEM samples were prepared

by evaporating a dilute toluene solution of the nanoparticles on

carbon coated copper grids (S166-3, Agar Scientific) and a Phi-

lips Technai Transmission Electron microscope was used to

obtain TEM images of the nanoparticles. X-Ray photoemission

spectroscopy was performed on the PbS nanocrystals on the

TEMPO beamline at SOLEIL, France. Photoluminescence (PL)

lifetime measurements were performed using a commercial

instrument (MiniTau, Edinburgh Instruments) which utilizes the

time-correlated single photon counting technique and bandpass

filters to spectrally isolate the PL. Due to the spectral sensitivity

of the photomultiplier tube used (Hamamatsu R3809U-50) only

the PL at wavelengths shorter than about 850 nm could be

detected, therefore two samples with exciton peaks less than

850 nm were used. Samples were excited by a pulsed diode laser

(EPL-405) which emitted a wavelength of 405 nm with pulse

duration of 90 ps. The steady-state current–voltage characteris-

tics of PbS self-assembled ZnO–SnO2 electrodes were studied in

1 M Na2SO3 electrolyte solution.

Results and discussion

Experiments were performed under different conditions of [Pb] :

[S] mole ratio and growth time, in order to determine the
J. Mater. Chem., 2010, 20, 2336–2344 | 2337



Fig. 1 Room temperature absorption spectra of PbS nanoparticles

prepared at 60 �C for X1–X4 with growth time of 30 s.

Table 1 Band gap and average size distribution with standard deviation
of PbS nanoparticles prepared at 60 �C of all four samples X4–X7
(calculations based on 100 nanoparticles in TEM images)

Experiments
Growth
time/s

Mean
diametera/nm

Transition
energy 1Se–1Sh/eV

PL peak
position/eV

X4 30 2.79 � 0.2 1.71 1.34
X5 60 3.80 � 0.2 1.35 1.21
X6 120 4.44 � 0.3 1.15 1.06
X7 180 5.22 � 0.6 0.88 0.85

a Mean diameter calculated from TEM.
optimum conditions for PbS nanoparticles synthesis. The first set

of experiments (X1–X4) was carried out to determine the effect

of the [Pb] : [S] mole ratio on the size or the quality of the

nanoparticles. The ratio of [Pb] : [S] was varied in the reaction

mixture (PbO : TMS) from 1 : 2 to 1 : 0.25 at 60 �C for 30 s growth

time. The highest molar ratio [Pb] : [S] (1 : 2) in the reaction

mixture (X1) produced a product with negligible absorption with

a flat line in the absorption spectrum (Fig. 1 (X1)). In the second

experiment (X2) the [Pb] : [S] ratio was reduced to 1 : 1. The

nanoparticles produced from this reaction showed a broad

absorption spectrum with a long tail without any excitonic

feature indicative of a broad size distribution (Fig. 1 (X3)). In the

third experiment (X3) the ratio of [Pb] : [S] was 1 : 0.5. The

absorption spectrum showed a broad hump around 860 nm

but with as much long tail as for the sample with a 1 : 1 ratio

(Fig. 1 (X2)). In the fourth experiment (X4) the [Pb] : [S] ratio
Fig. 2 Room temperature absorption spectra of PbS nanoparticles

prepared at 60 �C using Pb : S mole ratio, 1 : 0.25 (a) X4, growth time 30 s,

(b) X5, growth time 60 s, (c) X6, growth time 120 s and (d) X7, growth

time 180 s.
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was 1 : 0.25. The resultant nanoparticles gave an absorption

spectrum with a prominent shoulder for first exciton around

720 nm and a sharp peak (Fig. 1 (X4)).

The other important factor in controlling the size of the

nanoparticles was the growth time. A separate set of experiments

(X4–X7) was carried out with a precursor mixture containing

a [Pb] : [S] molar ratio of 1 : 0.25 at 60 �C for 30, 60, 120 and 180 s

of growth time (Fig. 2a–d). The nanoparticles produced at 30 s

(X4) showed a clean and narrow absorption spectrum with

a peak corresponding to the first exciton around 720 nm

(1.719 eV) (Fig. 2a). By increasing the growth time to 60 s (X5)

the excitonic peak shifted to 920 nm (1.35 eV) (Fig. 2b). The

absorption spectrum of PbS nanoparticles grown for 120 s (X6)

further shifted the peak to 1180 nm (1.15 eV) (Fig. 2c). Similarly,

the PbS nanoparticles prepared with a growth time of 180 s (X7)

showed some additional features due to higher energy transitions

within the nanoparticles in addition to the excitonic peak at
Fig. 3 TEM of PbS nanoparticles of (a) sample X4, growth time 30 s,

(b) HRTEM of PbS nanoparticles sample X6, growth time 120 s, insert

showing lattice fringes of cubic PbS nanoparticle, d ¼ 2.93 Å and

calculated corresponding plan (200), (ICCD-5-592), (c) TEM of PbS

nanoparticles of sample X7, growth time 180 s and (d) SAED pattern of

PbS nanoparticle, the diffraction rings match the PbS cubic phase and

labelled rings have been identified as 1. (111), 2. (200), 3. (220), 4. (311), 5.

(222), 6. (400), 7. (420).

This journal is ª The Royal Society of Chemistry 2010



Fig. 4 Variation of the ground state exciton transition energy with the

mean particle diameter determined from TEM (line is drawn for clarity).

This graph shows dependence of the exciton transition energy on the size

of nanoparticles (calculations based on 100 nanoparticles in TEM

images).
1410 nm (0.88 eV) (Fig. 2d). It is clear from Fig. 2 that a large

quantum confinement induced blue shift of the absorption edge

of the PbS nanoparticles to occur with decreasing reaction time.

The ground state excitonic transition energies, determined

from the positions of the first excitonic absorption peak in Fig. 2,

are 1.71 eV, 1.35 eV, 1.15 eV and 0.88 eV for samples (X4–X7)

respectively (Table 1) showing that the band gap can be tuned

across the whole of the near-infrared spectral region from 720 nm

to 1410 nm which is consistent with the data reported by Cade-

martiri and co-workers.74

Transmission electron microscopy (TEM) analysis of all four

samples (X4–X7) of PbS nanoparticles was carried out to observe

the shape and calculate the diameter of the as-prepared nano-

particles. The shape of the PbS nanoparticles was close to

spherical in all cases as shown in Fig. 3a–c. This figure also
Fig. 5 Normalized room temperature photoluminescence spectra of PbS

nanoparticles prepared at 60 �C, using Pb : S mole ratio, 1 : 0.25 (a) X4,

growth time 30 s, (b) X5, growth time 60 s, (c) X6, growth time 120 s and

(d) X7, growth time 180 s. The sharp features observed between 0.86 and

0.92 eV are due to absorption by atmospheric water vapour.

This journal is ª The Royal Society of Chemistry 2010
provides insights into the crystal structures of these nano-

particles. HRTEM lattice fringe images (Fig. 3b and corre-

sponding insert) showed single crystals with few defects. The

lattice spacing was calculated as 2.93 Å, which corresponds to the

interlayer separation along the (200) lattice plane for bulk PbS

(ICCD-5-592). Furthermore, the selected area electron diffrac-

tion (SAED) patterns index well to the cubic rock salt PbS crystal

structure (Fig. 3d) and diffraction rings matched well with

corresponding XRD patterns of the PbS nanoparticles.

Fig. 4 shows the relationship between the ground state exciton

transition energy and the mean particle diameter of the PbS

nanoparticles determined from HRTEM images. Sharp absorp-

tion peaks in Fig. 2 also indicate the little polydispersity in the

nanoparticle samples. This good size distribution is obtained

without any post-synthesis size selective precipitation. Compared

to other methods38–45 where post-reaction size selective
Fig. 6 Room temperature absorption spectra of PbS nanoparticles

prepared at 60 �C, sample X3 (a) PbS nanoparticle in toluene kept under

dark and (b) PbS nanoparticle toluene solution in light. PbS nano-

particles N.B. All spectra are normalized to the intensity of the ground

state excitonic absorption peak and are vertically offset for clarity.
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precipitation is essential to obtain monodispersed nanoparticles,

this method is simple. The room temperature photoluminescence

spectra of PbS nanoparticles prepared at a [Pb] : [S] molar ratio

of 1 : 0.25 at 60 �C for 30 s to 180 s of growth times (interval) are

shown in Fig. 5. The PbS nanoparticles (X4) with an excitonic

peak at 720 nm showed luminescence in NIR region at 925 nm

(Fig. 5a). The full width at half-maximum (FWHM) height of the

photoluminescence spectra is 197 meV (Fig. 5a). The PL spec-

trum of PbS nanoparticles grown for 60 s (X5) showed emission

at 1025 nm (Fig. 5a) with an FWHM in the PL spectrum of

156 meV (Fig. 5b). The emission peaks for PbS nanoparticles

prepared over 120 and 180 s occurred at 1170 nm (Fig. 5c) and

1460 nm (Fig. 5d) with corresponding FWHM of 180 meV

(Fig. 5c) and 133 meV (Fig. 5d) respectively. These FWHM

values are comparable with the values recently reported by

Turyanska75 and confirm the relatively small degree of poly-

dispersity in the nanoparticles.

In order to study the stability of the PbS nanoparticles in

toluene we monitored changes over time in the first excitonic

peak. Two solutions of similar concentration (0.50 mg PbS

nanoparticles (X3) in 20 ml of anhydrous toluene) were prepared.

One solution was wrapped in black paper and kept under dark,

whilst the other was kept in light under the ambient laboratory

conditions. The absorption spectra of the two solutions were

measured intermittently over a period of one month and are

shown in Fig. 6. The presence of the first excitonic peak in the

absorption spectrum without a significant change after 30 days,

under both dark and light conditions clearly demonstrates that

the PbS nanoparticles prepared by this method are relatively

stable in toluene.
Fig. 7 XRD patterns of PbS nanoparticles prepared in olive oil at 60 �C using

(c) X6, growth time 120 s and (d) X7, growth time 180 s for all four samples
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The XRD pattern of the as-prepared PbS nanoparticles

(X1–X4) (Fig. 7) shows cubic PbS nanoparticles with a lattice

parameter a ¼ 0.5918 nm (ICCD-5-592). The characteristic

peaks for (111), (200), (220), (331), (400) and (420) reflections can

be clearly identified. The appearance of broad peaks is as

expected for small size nanoparticles of PbS. The sizes of the PbS

nanoparticles were estimated using the Scherrer equation as:

3.5 nm (X4), 4.3 nm (X5), 4.9 nm (X6) and 5.8 nm (X7). The

estimated size from XRD is fairly close to the size as determined

from transmission electron microscopy (TEM) analysis.

In order to study the chemical environment of PbS nano-

particles prepared in olive oil X-ray photoelectron spectroscopy

(XPS) was carried out on the PbS nanoparticles prepared in

experiment X4. The first study was attempted on olive oil capped

PbS nanoparticles by casting a film on FTO coated glass

substrate in toluene. However, due to the presence of the long

insulating oleic acid alkyl chain, samples were subjected to

charging in the XPS experiment. Therefore, ligand exchange with

butyl amine was carried out (see ESI†) and butyl amine capped

nanoparticles were then analyzed by XPS.

The XPS spectra showed the presence of Pb and S, as expected,

and also C and N which are attributed to the capping ligands.

Exposure to the air after synthesis had a significant effect on the

spectra; adsorbed molecules from the atmosphere such as water

and carbon dioxide contributed to the C and O peak intensities.

Fig. 8 and 9 show high-resolution spectra of the Pb 4f and S 2p

core levels. A Shirley type background was subtracted and Voigt

functions used to fit the line shapes. The spin-orbit splitting of the

doublets was set as 4.8 eV for the Pb 4f peaks and 1.2 eV for the S

2p peaks. The intensity ratio was set as 4 : 3 for the Pb 4f doublets
Pb : S mole ratio, 1 : 0.25 (a) X4, growth time 30 s (b) X5, growth time 60 s

.
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Fig. 8 X-Ray photoemission spectrum of lead 4f core levels. Doublet

Pb1 (long dashes) occurs at 139.1 and 143.9 eV, doublet Pb2 (dots) occurs

at 138.6 and 143.4 eV, doublet Pb3 (short dashes) occurs at 137.2 and

142.0 eV (sample X4).

Fig. 9 X-Ray photoemission spectrum of sulfur 2p core levels. Doublet

S1 (long dashes) occurs at 161.5 and 162.7 eV, doublet S2 (dots) occurs at

162.3 and 163.5 eV, doublet S3 (long dashes) occurs at 167.2 and

168.4 eV, doublet S4 (dots) occurs at 168.6 and 169.8 eV (sample X4).

Fig. 10 X-Ray photoemission spectra of valence band and lead 5d

core levels for bulk PbS (dashed line) and PbS nanocrystals (solid line,

sample X4).

Fig. 11 Fluorescence lifetime decay curves of PbS nanoparticles

prepared in olive oil at 60 �C (a) sample X3 and (b) X4.
and 2 : 1 for the S 2p doublets. The Pb 4f spectra show at least 3

components present in the sample, Pb1, Pb2 and Pb3, which are

attributed to PbSO4, PbS, and Pb respectively. The S 2p core

level spectra show at least 4 components, S1, S2, S3 and S4,

which are attributed to PbS, S, and highly oxidized states such as

PbSO3 and PbSO4 respectively. The oxidized species present in

the sample are due to exposure of the surfaces of the PbS

nanocrystals to the air after synthesis. The reaction of surface

molecules with the atmosphere is an effect which has been

previously observed in PbS nanocrystals.76 Using the areas of the

Pb 4f and S 2p core level spectra and the photoionization cross-

sections77 the ratio of Pb to S was found to be 1.7 : 1 in the PbS

nanocrystals. Similarly, high-resolution spectra of the valence

band and Pb 5d core levels for both bulk PbS and the PbS

nanocrystals are shown in Fig. 10. The apparent shift in the Pb 5d

doublet from 18.9 and 21.5 eV in the bulk to 20.3 and 22.9 eV in

the PbS nanocrystals is again due to the surface oxidation of the

nanocrystals. The series of broad peaks in the PbS nanocrystal

spectrum, which are most intense around 5–10 eV binding

energy, are attributed to the nanocrystal capping groups. The

binding energy of the edge of the valence band is equivalent to

the gap between the Fermi level and the valence band of

a substance. This value was measured as 0.35 eV for bulk PbS
This journal is ª The Royal Society of Chemistry 2010
and 1.32 eV for the PbS nanocrystals. The band gap of bulk

PbS has been measured to be 0.41 eV22 whilst the band gap of the

PbS nanocrystal samples was �1.6 eV. This means that both the

bulk sample and the PbS nanocrystals were n-type semi-

conductors.

A fluorescence lifetime experiment based on the time-corre-

lated single photon counting (TCSPC) technique was carried out

on as-prepared PbS nanoparticles. Samples X3 and X4 of PbS

nanoparticles were analyzed by time-correlated single photon

counting (TCSPC) and PL decay curves were monitored as

shown in Fig. 11. In both cases, after the first microsecond the

decay is largely mono-exponential with an associated time

constant of �1.2 ms, which is similar to previously reported

PL lifetimes for PbS and can be attributed to band edge

recombination. However, at times shorter than 1 ms the PL decay

is multi-exponential, indicating that processes other than band

edge recombination contribute significantly to the decay on this

time-scale.78 The long radiative lifetimes in the PbS nanocrystals

are attributed to the dielectric screening. The screening of the

radiating field inside the nanocrystal has the effect of weakening

the internal field and consequently increasing the radiative life-

time. The long lifetimes associated with the effect of dielectric

screening are predicted for all the IV–VI semiconductor nano-

crystals with high dielectric constants recorded for long life-

times.79

To investigate the photoelectrochemical behaviour of as-

prepared PbS nanoparticles, they were assembled on the surface
J. Mater. Chem., 2010, 20, 2336–2344 | 2341



Fig. 12 Schematic representation of PbS nanoparticles sensitization

process with 3-mercaptopropanoic acid with ZnO–SnO2 composite film

deposited on ITO, wavy lines indicate the chemical bonding. Step I—

electrode is dipped in 3-mercaptopropanoic acid solution for 14 h. Step

II—these electrodes were removed and washed with toluene to remove

excess of acid and then dipped in PbS nanoparticles solution (sample X4).
of nanocrystalline ZnO–SnO2 electrodes. The attachment of PbS

nanoparticles on ZnO–SnO2 surface was carried out by the

adsorption process as depicted in Fig. 12. The steady-state

current–voltage characteristics of PbS self-assembled ZnO–SnO2

electrodes were studied in 1 M Na2SO3 electrolyte solution. Since

the band gap of PbS is quite low (�0.41 eV for bulk PbS at

298 K),22 it is essential to study photoelectrochemical properties of

PbS by coupling to a wide band gap semiconductor material
Fig. 13 Schematic band diagram of the quantum size PbS/ZnO–SnO2

interface, also shown is the corresponding diagram for bulk PbS22. Based

on ref. 86, the electron affinity and band gap of ZnO–SnO2 are estimated

to be 5.1 eV and 3.6 respectively. VB stands for valence band and CB

stands for conduction band.
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(i.e. ZnO, TiO2) or suitable metal (i.e. Au) as a photosensitizer.80–82

Both ZnO and SnO2 are wide band gap semiconductor materials

and absorb only a very small fraction of the visible light.

Therefore, the electrodes made from either of those materials or

the composite ZnO–SnO2 electrodes show a negligible photo-

current under visible light. Nanocrystalline ZnO–SnO2

composite electrodes used in this study have been already been

employed to construct dye-sensitized solar cells successfully.83–86

The ZnO–SnO2 electrode consisted of nanosized crystallites

which provided a high surface area to facilitate attachment of

PbS nanoparticles and absorb visible light. The band gap of PbS

nanoparticles increases due to size quantization effect. The

repositioning of the conduction band of PbS negative to that of

ZnO–SnO2 is a direct result of quantum confinement in PbS

nanoparticles. Under these conditions the charge injection takes

place from the conduction band of PbS into that of ZnO–SnO2 as

shown by schematics in Fig. 13. Once the photogenerated

charges are injected, they transport through the metal oxide

composite electrode and are subsequently collected at the FTO

substrate. High-resolution SEM and AFM in Fig. 14 show the

surface morphology of ZnO–SnO2 composite electrode. Small

needle-like structures grow up from the surface of the substrate

at different angles, due to the uneven morphology of the FTO

substrate. The photocurrent of the bare composite ZnO–SnO2
Fig. 14 High-resolution image of (a) SEM and (b) AFM image of

composite ZnO–SnO2 thin films.
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Fig. 15 Cyclic voltammogram of the PbS assembled nanoparticles on

composite film of ZnO–SnO2.
electrode as measured under AM1.5 simulated light is negligible

(�0.02 mA cm�2) which indicates that charge generation in the

high band gap metal oxide phase under visible light is very low.

However, the PbS nanoparticles composite ZnO–SnO2 electrode

shows a significantly higher photocurrent density under the same

illumination, suggesting the enhanced light absorption and

charge injection after surface attachment of PbS quantum dots

on metal oxide surface. The photocurrent onset is at about

�0.6 V vs. the Ag/AgCl/KCl reference electrode potential in 1 M

Na2SO3 aqueous electrolyte. The steady-state photocurrent

density under AM1.5 illumination is 50 mA cm�2 as shown

in Fig. 15.

Conclusion

We have described a simple and cheap synthetic route to high

quality PbS nanoparticles in olive oil. The as-prepared nano-

particles are of fairly good homogeneity. They are stable and do

not show any sign of decomposition over a period of many

months. They have shown active photoelectrochemical behav-

iour. Further work is under way to study the detailed photo-

electrochemical properties of such PbS nanoparticles.
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