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Colloidal photoluminescent (PL) PbS nanocrystals have attracted a lot of attention in various applications
such as bioimaging and optical telecommunications due to their tunable bandgap in the near-infrared region
of the electromagnetic spectrum. Hot-injection processes seem to be the best to engineer high-quality PbS
nanocrystals. However, there is a limited body of literature documented on the syntheses, with little information
on synthetic parameters affecting the optical properties of the product. Moreover, small PbS nanocrystals
with large bandgap greater than 1.38 eV (ca. 900 nm) and narrow bandwidth are rarely reported, due to the
fact that high-temperature growth in hot-injection processes leads to large nanocrystals rapidly. This manuscript
deals with our noninjection and low temperature approach to small PbS nanocrystal ensembles with bandgap
in wavelength shorter than 900 nm and with narrow bandwidth; the growth temperature can be as low as
room temperature. For our noninjection approach, systematic study was performed on synthetic parameters
affecting the growth, with the growth temperature in the range of 30—120 °C and octadecene (ODE) as a
reaction medium. Different acids including oleic aicd (OA) were explored as surface ligands, while two lead
source compounds, which are lead oxide (PbO) and lead acetate, and three S source compounds, which are
bis(trimethylsilyl)sulfide ((TMS),S), thioacetamide (TAA), and elemental sulfur (S), were investigated.
Generally, a solution of a lead precursor in ODE was first prepared via a reaction of a Pb-source compound
and an acid; afterward, this solution was mixed with a S-source solution in ODE at room temperature. The
use of (TMS),S and OA bestows high-quality PbS nanocrystals, regarding narrow bandwidth of bandgap
absorption and photoemission, without storage in dark for digestive and Ostwald ripening leading to self-
focusing; in addition to the various acids and Pb and S source compounds explored, feed molar ratios of
acid-to-Pb and Pb-to-S, as well as reactant concentrations were thoroughly investigated. Low acid-to-Pb and
high Pb-to-S feed molar ratios together with high-reactant concentrations favor the formation of small PbS
nanocrystals; meanwhile, from one synthetic batch, the growth of PbS nanocrystals in size is tunable mainly
via temperature in addition to growth periods. The PbS nanocrystals exhibit bandwidth (full width at half-
maximum) as narrow as ca. 100 nm with growth temperature of 70 °C. Thus, our noninjection approach
features easy handling with high reproducibility and high-quality PbS nanocrystals with large bandgap but
narrow bandwidth. Finally, bandgap engineering of our as-synthesized PbS nanocrystals was performed
straightforwardly at room temperature via the mixing of a solution of Cd oleate in ODE; significant blueshift
of bandgap absorption and photoemission with enhanced PL efficiency was accomplished.

1. Introduction

Colloidal semiconductor quantum dots (QDs) have been
attracting enormous interest due to their tunable optical proper-
ties via the control of size, structure, and composition.' ™ The
quantum confinement effects become operative when the particle
diameter is less than or comparable to that of a photogenerated
exciton in corresponding bulk materials. Among I[I—VI, [II-V,
and IV—VI semiconductor nanocrystals, PbS and PbSe are
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particularly interesting. With large exciton Bohr radii of 20 nm
(for PbS) and 46 nm (for PbSe),’ both charge carriers, which
are electron and hole, contribute almost equally to the exciton
Bohr radii, leading to enhanced confinement of the both carriers.
With the confinement energy splits about equally between the
two carriers, PbS and PbSe QDs exhibit strong size-dependent
properties and simple electron spectra.’ With similar quantum
confinement, the surface of the I[V—VI nanocrystals contributes
relatively little compared to that of the II—VI and III—V QDs.’
Meanwhile, with a small bulk bandgap of 0.41 eV, the bandgap
of PbS QDs can be engineered in the range of 600—900 nm to
create potential in the applications aiming at bio-oriented and
energy-related areas.*

To meet these potentials, high-quality PbS QD ensembles
with small size distribution for narrow bandwidth (full width
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at half-maximum, fwhm) of absorption and emission, good
stability, and reasonable quantum yield are in demand. Among
the significant efforts made on synthesizing II—VI, III—-V, and
IV—VI semiconductor materials, there is a limited body of
literature on the synthesis of PbS QDs.%7 Furthermore, most of
the synthetic efforts reported on PbS nanomaterials target large
size with different morphologies, including flower-shaped,
dendritic-shaped, hexapodlike, wirelike, tubular, and hollow
materials,® "3 leaving the synthesis of small PbS QDs with
bandgap in the range of 600—900 nm still challenging.

A few synthetic approaches to spherical PbS nanocrystals
have been carried out, including colloidal chemistry,'*~!7 growth
in polymer,'® electrochemical preparation,'® and electron beam
irradiation.? For water-soluble PbS nanocrystals, lead acetate
and sodium sulfide were used as reactant sources, while
thioglycerol and dithioglycerol as capping agents in water; with
different Pb-to-S feed molar ratios, the resulting PbS nano-
crystals exhibited emission in the range of 1000—1400 nm.'
For non-water-soluble colloidal PbS QDs, the hot-injection
approach reported by Hines and Scholes seems to be the best
to engineer high-quality QD ensembles.!>® This hot-injection
method was conducted by heating a mixture of lead oxide (PbO)
and oleic acid (OA, as capping ligands) in octadecene (ODE)
at 150 °C under Ar for one hour followed by the injection of a
solution of (TMS),S (sulfur source) in ODE at 150 °C. After
the hot injection, the growth was kept either at 80—140 °C or
room temperature. It was declared that the growth temperature
lower than 150 °C was preferred in order to separate the
nucleation and growth for the absence of rapid defocusing of
the size distribution. The resulting PbS QDs exhibited bandgap
absorption ranging from 800 to 1800 nm. However, little
information was reported on the growth temperature and periods
affecting the bandgap of the resulting nanocrystals, or on the
bandwidth of the as-synthesized nanocrystals; namely, it is not
clear that the optical spectra reported were from the as-
synthesized nanocrystals or from dark-stored ripened ones
experienced self-focusing. With lead acetate and H,S gas as
reactant sources, OA as capping agent, and n-decane as a
reaction medium, PbS nanocrystals with absorption peaking in
the range of 580—900 nm and photoemission of 770—1000 nm
were reported. After the addition of H,S at 40—130 °C, the
growth period was as short as seconds; such a request on the
short growth period is due to the rapid reaction between lead
oleate and H,S. Accordingly, each synthetic batch only produced
one ensemble.!® Also, no detailed study was reported on the
synthetic parameters such as acid-to-Pb and Pb-to-S feed molar
ratios affecting the bandgap of the resulting PbS QDs.

We report in this manuscript our low-temperature and
noninjection one-pot approach to high-quality colloidal photo-
luminescent (PL) PbS QDs with narrow bandwidth and bandgap
in the range of 600—900 nm. This ready synthesis was carried
out in ODE as a reaction medium, with the growth temperature
as low as room temperature to 120 °C. The growth kinetics
was monitored by the temporal evolution of the optical
properties of the resulting QDs. We explored the nature of lead
source compounds, the nature of acids as surface ligands, and
different S source compounds, with the optimal of PbO, OA,
and (TMS),S, respectively. Also, we investigated in detail other
synthetic parameters affecting the formation of the PbS nano-
crystals, including acid-to-Pb and Pb-to-S feed molar ratios,
reactant concentrations, and growth temperature. Various PbS
nanocrystal ensembles of different sizes can be engineered from
one synthetic batch; mainly, it is the growth temperature rather
than growth period that controls the nanocrystal size. Accord-
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ingly, this noninjection synthesis features easy handling with
high reproducibility. Furthermore, we address shelf-storage
stability in dilute dispersion and in reaction medium at room
temperature under room light; it is surprising that these small
PbS QDs are fairly stable when stored in their reaction medium.
Finally, we present bandgap engineering of as-synthesized PbS
QDs via the postsynthesis treatment of a solution of Cd oleate
in ODE at room temperature; significant blueshift of bandgap
absorption and photoemission together with enhanced PL
efficiency was achieved.

2. Experimental Section

2.1. Synthesis of PbS Nanocrystals. Typically, two solutions
were prepared. For the preparation of a Pb-precursor solution,
0.09 g (0.4 mmol) of PbO (Aldrich, 99.999%), 0.25 mL (0.8
mmol) of OA (Aldrich, tech., 90%), and 3.75 mL of ODE
(Aldrich, tech., 90%) were loaded in a 100-mL three-neck
reaction flask at room temperature; afterward, the reaction flask
was degassed at room temperature for 30 min and was heated
up to 120 °C for one hour under vacuum to form the precursor
of lead oleate. Subsequently, the reaction flask was switched to
N, and cooled down to room temperature. For the preparation
of a S-precursor solution, 2 mL. of ODE was degassed for one
hour under vacuum; afterward, 42 4L (0.2 mmol) of (TMS),S
(Fluka) was added under the protection of N,. This resulting
S-source solution in ODE was stirred for 10 min and mixed
into the reaction flask consisting of the Pb-precursor solution
with a syringe. Therefore, this typical synthesis is with 40A-
to-2Pb-to-1S feed molar ratios and the (TMS),S concentration
of 0.035 M.

After the mixing of the S solution into the Pb solution, the
growth was carried out at either room temperature or elevated
temperature. For the latter, the reaction flask was heated up by
a rate of ca. 2 °C/min with aliquots taken at room temperature,
40, 50, 60, 70, 80, 90, 100 110, and 120 °C; usually, it took
about 45 min to reach 120 °C. Each aliquot sampled was kept
in a vial and cooled down immediately in a water bath at room
temperature. A specified amount of each sample (30 uL) was
dispersed into 3 mL of toluene (ACP, 99.50%) for the
measurement of the optical properties of the growing nanocrystal
ensemble. Absorption spectra were collected on a Cary 5000
UV/vis/NIR spectrometer using a 1-nm data collection interval
and scan rate of 600nm/min, while photoemission experiments
were performed on a Fluoromax-3 spectrometer (Jobin Yvon
Horiba, Instruments SA), with a 450-W Xe lamp as the
excitation source, an excitation wavelength of 500 nm (if not
specified), an increment of data collection of 2 nm, and the slits
for excitation and emission of 3 nm.

2.1.1. Various Pb and S Source Compounds Studied. Two
Pb and three S source compounds were studied; they were PbO
(Aldrich, 99.999%) and lead acetate trihydrate (PbAc,*3H,0,
Anachemia, 99.0—103.0%), and (TMS),S (Fluka), thioacetamide
(TAA, Sigma-Aldrich, 99+%), and elemental sulfur (Anachemia,
precipitated). Elemental S was used together with 2,2'-dithio-
bisbenzothiazole (MBTS, Aldrich, 99%).%

2.1.2. Various Acid-to-Pb and Pb-to-S Feed Molar Ratios
and Reactant Concentrations. For the typical synthesis of the
PbS QDs mentioned above, we investigated the effect of (a)
OA-to-PbO feed molar ratios including 40A-2Pb-1S, 8OA-2Pb-
1S, 160A-2Pb-18, and 320A-2Pb-18S, (b) PbO-to-(TMS),S feed
molar ratios including 40A-2Pb-1S, 80A-4Pb-18S, and 160A-
8Pb-18S, and (c) S concentrations with a fixed OA-to-PbO-to-
(TMS),S feed molar ratio of 8OA-4Pb-1S. Table 1 summarizes
in detail the synthetic conditions of the reactions performed.
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TABLE 1: Systematic Study of the Non-Hot-Injection to
Colloidal PL PbS Quantum Dots with OA and PbO in 3.75
mL of ODE and (TMS),S in 2 mL of ODE

OA-to-Pb-to-S (molar ratios) OA (mmol) PbO (g) (TMS)2S (uL)
(a) OA-to-PbO Feed Molar Ratios

4:2:1 0.8 0.09 42
8:2:1 1.6 0.09 42
16:2:1 3.2 0.09 42
32:2:1 6.4 0.09 42
(b) PbO-to-(TMS),S Feed Molar Ratios
4:2:1 0.8 0.09 42
8:4:1 1.6 0.18 42
16:8:1 32 0.36 42
(c) S Concentrations
4:2:0.5 0.4 0.05 10
8:4:1 0.8 0.09 21
16:8:2 1.6 0.18 42

2.1.3. Various Capping Ligands Used. Fatty acids with
various carbon-chain lengths from C8—C24 were investigated;
they were octanoic acid (C8, Sigma, 99%), dodecanoic acid
(C12, Sigma, 99%), myristic acid (C14, Sigma, 99—100%),
stearic acid (C18, Fluka, purity ~98.5%), and lignoceric acid
(C24, Aldrich 99%). The study was performed with one of the
acids replacing oleic acid in the typical synthesis recipe. During
the cooling process, which was after the formation of a Pb
precursor at 120 °C and before the addition of the (TMS),S
solution at room temperature, it was noticed that all of the Pb
precursors, namely, Pb-acid complexes, precipitated out even
when the temperature was 80 °C during the cooling from 120
°C to room temperature.

2.2. Storage Stability of As-Synthesized PbS Nanocrystals
and Further Bandgap Engineering. The shelf-storage stability
of the resulting PbS QDs was explored. The PbS ensemble
sampled at 70 °C from the typical synthesis batch with the 40A-
to-2Pb-to-1S feed molar ratios was kept in a vial while stored
on benchtop at room temperature under domestic light for days;
meanwhile, 30 4L of this ensemble was dispersed in 3 mL of
toluene and kept under the same conditions for days. The storage
stability was monitored with optical measurements.

To further engineer the bandgap of the PbS QDs, CdS coating
was conducted under nitrogen at room temperature by adding
preprepared Cd oleate to as-synthesized PbS QDs. The Cd oleate
was prepared with the reaction of 0.0514 g (0.4 mmol) of CdO
(Aldrich 99%) and 0.375 mL (1.2 mmol) of OA in 3.625 g of
ODE at 180—190 °C under nitrogen for 2 h and then cooled to
room temperature under nitrogen.

2.3. Purification for X-ray Diffraction (XRD) and Trans-
mission Electron Microscopy (TEM). A mixture of methanol
and acetone (with a 1-to-2 volume ratio) was dropwise added
into as-synthesized PbS QDs to precipitate the nanocrystals.
After centrifugation (4000 rpm for 10 min), the supernatant was
decanted, and toluene was added to disperse the PbS QDs with
shaking. Such a process of the purification was carried out three
times. For TEM characterization, a purified sample stored in
toluene was deposited on a carbon-coated copper grid and was
studied on a JEOL JEM-2100F electron microscope operating
at 200 kV and equipped with a Gatan UltraScan 1000 CCD
camera. Powder XRD patterns were recorded at room temper-
ature on a Bruker Axs D8 X-ray diffractometer using Cu Ka
radiation in a @—6 mode. The generator was operated at 40 kV
and 40 mA, and data were collected between 5 and 80° in 26
with a step size of 0.1° and a counting time of 5 s per step.
XRD samples were prepared by depositing the purified nano-
crystals on low-background quartz plates.
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3. Results and Discussion

This manuscript addresses our noninjection and low-temper-
ature approach to colloidal PL. PbS QDs in ODE; thus, the
results and discussion consist of two parts. The synthesis of
the PbS QDs is mainly presented in section 3.1, while the storage
stability of the resulting PbS QDs and further bandgap engineer-
ing are dealt with in section 3.2. The comparison of hot-injection
and noninjection approaches on the control of the size of the
resulting PbS QDs is discussed in Figure S1 of the Supporting
Information. In section 3.1, various synthetic parameters af-
fecting the quality of the PbS QDs are presented in detail, in a
sequence of sulfur and lead source compounds (section 3.1.1),
OA-to-PbO feed molar ratios (section 3.1.2a), PbO-to-(TMS),S
feed molar ratios (section 3.1.2b), feed concentrations (section
3.1.2¢), and various acids as capping ligands (Session 3.1.3.).

3.1. Noninjection Approach to Colloidal PL. PbS Nano-
crystals. Figure 1 shows the temporal evolution of the optical
properties of the growing nanocrystals from three synthetic
batches with the typical synthesis recipe of the 40A-2PbO-
1(TMS),S feed molar ratios. After the mixing of the two Pb-
precursor and S-precursor solutions at room temperature, the
color of the resulting solution changed from clear yellow to
pink, red, and then brown, indicating the presence of a
nucleation/growth process of PbS nanocrystals. Figure 1A shows
the temporal evolution of the optical properties of the growing
nanocrystals with the growth temperature kept at room tem-
perature (30 °C), while Figure 1B shows the same at 40 °C.
During the growth periods monitored up to 4 h, the first
excitonic absorption peaks and emission peaks exhibit relatively
small redshifts for the nanocrystals from the batch with 30 °C
growth, as compared to those from the batch with 40 °C growth.
Part C in Figure 1 shows the temporal evolution of the
absorption of the growing nanocrystals from the batch with its
reaction temperature increased from room temperature (30 °C)
to 120 °C at a rate of ca. 2 °C/min. During such a temperature
increase, the resulting PbS nanocrystals exhibit bandgap absorp-
tion with a redshift from ca. 633 nm to ca. 859 nm; such redshift
indicates significant growth in size of the PbS QDs as temper-
ature increases. Moreover, each QD ensemble sampled at the
different temperature exhibits a single absorption peak with a
high symmetry which suggests narrow size distribution (during
the whole range investigated of the growth temperature). Careful
examination recommends the presence of the decrease of size
distribution takes place up to 70—80 °C from the decrease of
the bandwidth of the PbS nanocrystal ensembles. The emission
spectrum of the 70 °C growth PbS QDs is shown in the inset
of Figure 1C, whose bandgap absorption and emission peak at
712 and 822 nm, respectively. Clearly, the bandwidth is narrow,
with full width at half-maximum (fwhm) on the order of ca.
100 nm. It is worthy to notice that this fwhm value is small, to
the best of our knowledge, and comparable to the best reported
with other synthetic approaches.'*"!7 Also, the quantum yield
of the 70 °C growth PbS QDs in toluene was estimated to be
of the order of 20% (relative to R590 in ethanol). It is necessary
to point out that the PL fwhm of a single PbS dot emitting at
ca. 790 nm was reported to be ca. 50 nm;?! the large
homogeneous broadening was argued to be related to enhanced
acoustic phonon coupling.??

Figure 2 shows the powder XRD patterns of the 70 °C growth
PbS QDs (shown in Figure 1C-e) (top) and bulk cubic rocksalt
PbS (bottom). The XRD patterns indicate that the PbS QDs
have a cubic rocksalt structure. It is clear that the diffraction
peaks in the top part of Figure 2 are broader than those in the
bottom part of Figure 2 due to the smaller QD size. The QD
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Figure 1. Temporal evolution of the optical properties of PbS QDs from three synthetic batches with the same recipe of 40A-to-2PbO-to-
1(TMS),S feed molar ratios (Table 1). Nanocrystals with room temperature growth (ca. 30 °C) (A), 40 °C growth (B), and room temperature to 120
°C growth (C). The nanocrystals were dispersed in toluene for the absorption and emission (with excitation wavelength of 500 nm) measurements.
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Figure 2. Powder XRD patterns of the 70 °C growth PbS QDs (shown
in Figure 1C-e with absorption peaking at ca. 712 nm) (top) and of
bulk cubic rock salt PbS (bottom). The diffraction peaks are indexed.

size is estimated to be ~2.59 nm by the Scherrer equation with
the fwhm of the diffraction peak (220).

Figure 3 shows a typical TEM image of the 50 °C growth
PbS QD ensemble with bandgap absorption at ca. 651 nm
(shown in Figure 1C-c); the TEM image demonstrates that the
size distribution is narrow. The insert is one corresponding high-
resolution TEM image showing the crystal fringes with the scale

Figure 3. A typical TEM image of the 50 °C growth PbS nanocrystals
(shown in Figure 1C-c, whose absorption peaking at 651 nm); the inset
shows a high-resolution TEM image of the same.

bar of 5 nm. It has been acknowledged that different charac-
terization tools such as XRD, TEM, and Raman scattering, etc.,
give slightly different results in determining the QD sizes.
Let us turn our attention to the comparison of noninjection
and hot-injection approaches to synthesize PbS nanocrystals.
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Our noninjection approach features relatively mild synthetic
conditions with high reproducibility and large-scale capability,
as compared to the existing hot-injection approach,'** leading
to relatively small-sized PbS nanocrystals particularly at low
growth temperature. It is noteworthy that the bandgap absorption
peak positions of our PbS nanocrystals (shown in Figure 1)
located at relatively short wavelengths compared to those
reported by the hot-injection approach;!* moreover, various
nanocrystal ensembles, which are different in sizes, can be
engineered from one synthetic batch. Especially, the as-
synthesized nanocrystal ensembles exhibit narrow bandwidth;
no dark storage is needed for digestive and Oswald ripening
leading to self-focusing, while postannealing in dark was usually
necessary for the nanocrystals reported before.'*!>* Parallel
experiments with both noninjection and hot-injection methods
were carried out with the same recipe, as shown in Figure S1
of Supporting Information. With the 40A-2PbO-1(TMS),S
syntheses, the 100 °C growth PbS nanocrystals exhibit bandgap
absorption peaking at ca. 762 nm with our noninjection approach
(Figure 1C-h) and at ca. 1009 nm with our hot-injection
approach (injection temperature 150 °C) (left panel of Figure
S1 of Supporting Information). With 160A-2PbO-1(TMS),S
syntheses, the 70 °C growth PbS nanocrystals exhibit bandgap
absorption peaking at ca. 913 nm with our noninjection approach
and at ca. 987 nm with our hot-injection approach (injection
temperature 70 °C) (right panel of Figure S1 of Supporting
Information). It is obvious that from one synthetic batch the
noninjection approach leads to ready size control via raising
temperature, namely the growth of particles can be easily
facilitated with temperature increase, while the hot-injection
approach does not but with the size controlled mainly by the
injection temperature.

To achieve the optimal synthetic condition shown in Figure
1, we studied various synthetic parameters, including sulfur and
lead source compounds, OA-to-PbO feed molar ratios, PbO-
to-(TMS),S feed molar ratios, feed concentrations, and various
acids as capping ligands.

3.1.1. Various Sulfur and Lead Source Compounds Ex-
plored. Three sulfur sources, bis(trimethylsilyl)sulfide
((TMS),S), TAA, and elemental S were investigated to synthe-
size PL PbS QDs. TAA has often been used to synthesize PbS
nanocrystals with various morphologies in aqueous media.’?>%*
With elemental S as the S source, 2,2-dithiobis(benzothiazole)
(MBTS) was used together to enhance S reactivity.®” With the
typical synthesis recipe but the different S sources, three batches
under the same reaction condition of the 40A-to-2PbO-to-1S
feed molar ratios were monitored, with the growth temperature
increasing from room temperature up to 240 °C. The temporal
evolution of the optical properties (Figure S2 of Supporting
Information) reveals that these three S source compounds have
different reactivity and decrease in the order (TMS),S, TAA,
elemental S. The formation of PbS nanocrystals started at room
temperature with (TMS),S, ca. 40 °C with TAA, and ca. 180
°C with elemental S. The optimal growth temperature is in the
range of 30— 120 °C with (TMS),S and 60—100 °C with TAA,
which results in QDs with good absorption with narrow
bandwidth similar to that obtained with (TMS),S; however, the
resulting PbS QDs exhibit poor PL. With elemental S, when
the temperature is higher than 180 °C, PbS QDs with very broad
absorption were obtained with no PL at all; meanwhile, large
particles precipitated out.

Two Pb source compounds were also compared; they are PbO
and PbAc,. With the typical synthesis recipe but the different
Pb sources, two batches under the otherwise same reaction
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Figure 4. Comparison of the acid-to-Pb feed molar ratios affecting
the growth of PbS QDs with a fixed Pb-to-S feed molar ratio and S
concentration under the synthetic conditions given in Table la. The
absorption peak positions are presented by y axis in nanometers, while
the growth temperature is seen on the x axis. The studied feed molar
ratios are 40A-2Pb-1S (H), 8OA-2Pb-1S (O), 160A-2Pb-1S (a), and
320A-2Pb-1S (A).

conditions of the 40A-to-2Pb-to-1(TMS),S feed molar ratios
were monitored, while their reaction temperature increased from
room temperature up to 120 °C. When the growth temperature
is below 90 °C, the PbS nanocrystals synthesized from the two
batches are similar in size, as suggested by the similarity in
peak positions of absorption and photoemission monitored; (the
absorption spectra are shown in Figure S3 of Supporting
Information). Careful comparison of the peak position leads to
the argument that the use of PbAc, gives slightly faster rate of
nucleation/growth. When the growth temperature is above 90
°C, such difference becomes pronounced, namely, the
PbAc,—PbS nanocrystals started to grow faster, which might
be the consequence of the existence of acetate and acetic acid.
A similar phenomenon was observed in the synthesis of PbSe
nanocrystals and was interpreted as the presence of both acetate
and oleate ligands at the Pb sites on the dot surface; it is easy
to understand that elevated temperature facilitated molecular
mobility and the presence of small acetate ligands led to large
nanocrystals.?

3.1.1.a. Effect of OA-to-PbO Feed Molar Ratios with a
2PbO-to-1(TMS),S Fixed Feed Molar Ratio at 0.035 M
Concentration of (TMS),S. With the typical synthetic condition,
OA-to-PbO-to-(TMS),S feed molar ratios of 40A-2Pb-18S, 8OA-
2Pb-1S, 160A-2Pb-1S, and 320A-2Pb-1S were investigated.
Figure 4 shows the absorption peak positions of the resulting
PbS nanocrystals at different growth temperatures from the four
synthetic batches; the absorption spectra are presented in Figure
S4 of Supporting Information. When the OA-to-PbO feed molar
ratio was smaller than 2:1, PbO was not able to dissolve
completely in the form of lead oleate in ODE. Among the four
acid-to-Pb feed molar ratios studied in Figure 4, (4—8)OA-to-
2Pb is preferred to synthesize PbS QD ensembles with narrow
size distribution and tunable sizes from one synthetic batch.
Careful comparison distinguishes two growth stages during the
increase of the temperature, before and after 70 °C: before 70
°C, batches with larger acid-to-Pb feed molar ratios gave larger
nanocrystals; after 70 °C, little difference in size between the
320A-2Pb-1S and 160A-2Pb-1S batches was observed; in
addition, significant broadening was noticed for 3220A-2Pb-1S
at 100 °C, 160A-2Pb-1S at 110 °C, and 80A-2Pb-1S at 120
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Figure 5. Comparison of the Pb-to-S feed molar ratios affecting the
growth of PbS QDs with a fixed aicd-to-Pb feed molar ratio and S
concentration under the synthetic conditions given in Table 1b. The
absorption peak positions are presented by y axis in nanometers, while
the growth temperature is on the x axis. The studied feed molar ratios
are 40A-2Pb-1S (O), 8OA-4Pb-1S (open triangular symbols A), and
160A-8Pb-1S (O). No data is entered for the 160A-8Pb-1S batch
before 70 °C due to the lack of obvious absorption peaks leading to
the ambiguous determination of the peak positions.

°C. A similar tendency, namely, large amount of acid leading
to large nanocrystals, was observed in a hot-injection approach
to CdS QDs; it was argued that the higher the acid concentration,
the lower the CdS monomer reactivity, and the larger the CdS
nanocrystals with broader size distribution formed.?

For the present noninjection approach to PbS QDs, the acid-
to-Pb feed molar ratios have a strong influence on the formation
of PbS QDs, and the amount of oleic acid plays an important
role affecting the solubility of the resulting PbS QDs in the
reaction medium. The larger amount OA, the larger the PbS
nanocrystals, due to better reaction medium solubility.

3.1.1.b. Effect of PbO-to-(TMS),S Feed Molar Ratios with
a 20A-to-1PbO Fixed Feed Molar Ratio at 0.035 M Concen-
tration of (TMS),S. After the investigation of the acid-to-Pb
feed molar ratio with the typical synthetic procedure, the effect
of the Pb-to-S feed molar ratio was also studied. Figure 5 shows
the absorption peak positions of the growing PbS nanocrystals
at different growth temperatures from three synthetic batches
with the Pb-to-S feed molar ratios of 2:1, 4:1, and 8:1 at a fixed
(TMS),S concentration of 0.035 M and a fixed OA-to-Pb feed
molar ratio of 2:1. Let us compare the two synthetic batches
with  40A-to-2PbO-to-1(TMS),S and 80A-to-4PbO-to-
1(TMS),S feed molar ratios: the former gave relatively large
nanocrystals, as compared to the latter. As the Pb-to-S feed
molar ratio increases, the peak positions of the bandgap
absorption blueshift, indicating a decrease of the PbS nanocrystal
size. A similar trend that large Cd-to-Se feed molar ratios favor
small nanocrystals has been reported;® it can be argued that
high cation-to-anion feed molar ratios prevent the decomposition
of already-formed PbS nanocrystals. In the case of 160A-to-
8PbO-to-1(TMS),S, the batch gave large nanocrystals due to
the presence of large amount of acid. With a 1Pb-to-1S feed
molar ratio approach, the nanocrystals grow too fast to exhibit
well-defined bandgap absorption and emission, suggesting that
the Pb-to-S feed molar ratio needs to be larger than 1:1 to avoid
fast and uncontrollable growth.®

3.1.1.c. Effect of Feed Concentrations with 20A-to-1PbO
and 4PbO-to-1(TMS),S Fixed Feed Molar Ratios. To under-
stand the feed concentration, which can be simplified as S

Figure 6. Comparison of S concentrations affecting the growth of PbS
QDs with fixed 80A-to-4PbO-to-1(TMS),S feed molar ratios under
the synthetic conditions given in Table lc. The absorption peak positions
are presented by the y axis in nanometers, while the growth temperature
is on the x axis. The studied S concentrations are 0.0175 M (40A-
2Pb-0.5S, O), 0.0350 M (80A-4Pb-18S, A), and 0.0700 M (160A-8Pb-
2S, O). The inset is to show the comparison of Pb-to-S feed molar
ratios with a fixed acid-to-Pb molar ratio but different S concentrations;
the two batches studied were with 40A-2Pb-0.5S (O) and 40A-2Pb-
1S (m).

concentration, affecting the growth of nanocrystals, syntheses
with different concentrations of the reaction agents with fixed
OA-to-Pb-to-S feed molar ratios of 8-to-4-to-1 were conducted.
There batches with the feed molar ratios of 40A-2Pb-0.5S,
80A-4Pb-1S, and 160A-8Pb-2S were compared. Figure 6
shows the absorption peak positions of the resulting PbS
nanocrystals at different growth temperatures from the three
synthetic batches with the different feed concentrations. It is
apparent that low concentrations gave large nanocrystals. S is
the limiting reagent; when S concentration is low, it is relatively
difficult for S to meet the Pb precursor leading to relatively big
nuclei and nanocrystals with relatively broad size distribution.

Moreover, the inset in Figure 6 shows the absorption peak
positions of the growing PbS nanocrystals at different growth
temperatures from the synthetic batches with 40A-2Pb-0.5S and
40A-2Pb-1S feed molar ratios. Also, the 40A-2Pb-0.5S batch
gave relatively large nanocrystals. As we discussed before, large
Pb-to-S feed molar ratios lead to small nanocrystals, while small
S concentrations lead to large nanocrystals. Accordingly, when
the effects of the Pb-to-S feed molar ratio and S concentration
compete with each other on the particle size, the latter dictates,
namely, it is the concentration rather that the Pb-to-S feed molar
ratio dominants the growth of the nanocrystals under our
experimental conditions.

On the basis of the investigation of the OA-to-PbO and PbO-
to-(TMS),S feed molar ratios and reactant concentrations, an
obvious conclusion can be drawn that these synthetic parameters
affect the resulting PbS nanocrystal sizes, small OA-to-PbO and
large PbO-to-(TMS),S feed molar ratios, together with high S
concentrations favor small nanocrystals.

3.2. Effect of Acids as Capping Ligands. The previous work
in our group has addressed the effect of the nature of capping
ligands on the formation of magic-sized CdSe nanocrystals.% It
was observed that the chain length of fatty acids used affects on
the activities of the Cd precursor and monomer; therefore, various
acids were considered to synthesize PbS nanocrystals. With the
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Figure 7. Storage stability monitored by the optical properties of the
70 °C growth PbS QDs (shown in Figure 1C-e). The ensemble was
kept in toluene (O) and in synthetic medium (A). The absorption peak

positions are presented by y axis in nanometers, while the storage
periods are given on the x axis. The two solid lines are for eye guidance.
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typical synthesis of the 4acid-to-2PbO-to-1(TMS),S feed molar
ratios, fatty acids with different carbon chain lengths ranging from
C8—C24 were utilized as capping ligands instead of oleic acid.
However, corresponding Pb carboxylate complexes formed at high
temperature (120 °C) in ODE precipitated out at room temperature,
with some even at 80 °C during the cooling process from 120 °C
to room temperature; when the temperature was elevated again,
the Pb-precursor precipitate dissolved and its solution became clear
again. Thus, the solubility of the Pb carboxylate complex formed
in ODE is good only at high temperatures (120 °C) and reduces
along with the decrease of temperature. This phenomenon was also
observed with oleic acid; but Pb oleate complex precipitates out
only around 20 °C, which is lower than the reaction temperature,
such as room temperature (30 °C). Accordingly, these fatty acids
do not seem to be good candidates as capping ligands in the present
synthetic system with our low-temperature and noninjection
synthetic strategy, while oleic acid is.

3.3. Storage Stability of the As-Synthesized PbS Nano-
crystals and Further Bandgap Engineering. In addition to the
various synthetic parameters leading to high-quality PbS QDs,
storage stability of the as-synthesized PbS QDs was also investi-
gated to further evaluate the QD quality. Storage stability is an
important parameter, regarding potential applications. Figure 7
shows the absorption peak positions of the 70 °C growth PbS
nanocrystals (shown in Figure 1C-e) from the typical synthetic
batch with the 40A-t0-2PbO-1(TMS),S feed molar ratios before
and after storage under ambient conditions and room light. The
PbS QDs were stored in toluene (30 uL of QDs in 3 mL of solvent)
and an in original synthetic environment. It is apparent that the
storage medium influences the storage stability, regarding the
degree of the blueshift of the bandgap absorption peak position:
when this PbS ensemble was kept in a vial at room temperature
under room light for days, less blueshift was observed than that
dispersed in toluene and kept under the same condition. The
blueshift of the absorption peaks may be attributed to the photo-
oxidation of PbS particles.”” The absorption and emission spectra
are shown in Figure S5 of Supporting Information. It is noteworthy
that, during the storage, no digestive/Ostawald ripening leading to
self-focusing was observed, but the decrease in optical density and
photoemission intensity was seen.

To promote the storage stability as well as further bandgap
engineering after the formation of PbS QDs, PbS nanocrystals were

L )
B 2
]
£ =
b :
7]
2
<
400 500 600 700 800 900
Wavelength (nm)
790 900
g 710 | L 600.
<
o
D
[o]
o
L C
3 630 ] - 300
0.
550 A= - ‘ 0
0 1 2 3
Nllmhﬂl Qj Additinn ﬂf ~r

Figure 8. (Top) Absorption (thin lines, right y axis) and photoemission
(thick lines, excited at 500 nm, left y axis) spectra of one as-synthesized
PbS QD ensemble (solid line) and its corresponding PbS/CdS QDs
(broken line). The PbS QDs were synthesized from a batch with feed
molar ratios of 40A-2Pb-1S and 20-min growth at room temperature.
The post-treatment, namely, coating, was carried out at room temper-
ature with a solution of Cd oleate in ODE. The QDs were dispersed in
toluene and the spectra are normalized. (Bottom) The bandgap peak
positions (PP, nm, left y axis) of the absorption (O0) and emission (H)
monitored before and after the post-treatment with the Cd oleate solution
in ODE at room temperature together with the change of PL efficiency
(right y axis) (open triangular symbols A). The x axis indicates the
number of the addition of the Cd stock solution with the detailed
synthesis given in Figure S6 of Supporting Information.

treated with a solution of Cd oleate in ODE at room temperature
to obtain PbS/CdS nanocrystals exhibiting larger bandgap and
higher emission efficiency. The top part of Figure 8 shows
absorption and emission spectra of one PbS nanocrystal ensemble
synthesized with 40A-2Pb-1S feed molar ratios at room temper-
ature and of its corresponding PbS/CdS nanocrystals prepared with
the addition of a solution of Cd-oleate in ODE at room temperature.
After the addition of Cd-oleate, the bandgap absorption of the
resulting nanocrystals blueshifted from 640 to 571 nm, while
emission shifted from 754 to 692 nm, shown in the bottom part of
Figure 8. Also seen in the bottom part of Figure 8 is the blueshift
of the bandgap absorption and emission peak positions during the
addition of Cd-oleate, together with the increase of the PL
efficiency, which was about 8 times. The blueshift and the increase
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of the emission efficiency indicate that Cd replaced Pb on the QD
surface leading to the formation PbS/CdS nanocrystals. It was
reported that Cd ions replaced Pb ions in PbS nanocrystals resulting
in a PbS/CdS core/shell structure; such ion-exchange coating was
performed at elevated temperature 100 °C.?® Here, our CdS coating
was achieved at room temperature, which is facile, efficient, and
green with energy saving. It is clear that the degree of the blueshift
and the increase of the PL efficiency depend on the amount of
Cd-oleate added. Accordingly, it is ready to further tune the optical
properties of PbS nanocrystals synthesized through post-treatment
at room temperature to obtain nanocrystals with larger bandgap
and higher photoluminescence efficiency. TEM images of the QDs
before and after coating are given in Figure S6 of the Supporting
Information. After coating, the QDs exhibit less agglomeration.
During coating, obvious color change was noticed and one example
is shown in Figure S7 of the Supporting Information. Further study
on coating with detailed characterization, such as X-ray powder
diffraction, is being carried out in our laboratories. One example
is presented in Figure S8 of the Supporting Information.

4. Conclusion

In summary, a noninjection and low-temperature approach
to high-quality PbS QDs was developed, featuring easy handling
and high reproducibility. This approach leads to small PbS QDs
with bandgap in the range of 600—900 nm and narrow
bandwidth. With one synthetic batch, it is possible to achieve
various QD ensembles with tunable sizes controlled by different
growth temperature, growth periods, acid-to-Pb feed molar
ratios, feed reactant concentrations, and Pb-to-S feed molar
ratios. Systematic investigation was performed on the synthetic
parameters affecting the formation of PbS nanocrystals, includ-
ing the various Pb and S source compounds. In general, various
factors and the interplay between them play crucial roles leading
to high-quality PbS QD products. Moreover, a ready post-
treatment at room temperature with a Cd-oleate solution in ODE
leads to CdS coating to achieve after-synthesis bandgap
engineering with enhanced PL efficiency.
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