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ABSTRACT: Though remarkable breakthroughs have been made
in visible-light-emitting quantum dots (QDs), the high potential in
optoelectronic applications for efficient and stable infrared (IR)-
emitting QDs has yet to be largely explored. The major obstacle
for commercialization of these low-bandgap nanomaterials lies in
their low chemical stability in ambient environments and
difficulties in tuning and retaining the targeted optical character-
istics. Herein, we report on a well-controlled yet facile cation-
exchange strategy for crafting core/graded shell/shell QDs with
precisely tailored spatial compositions to accurately regulate the
optical properties in the IR region while simultaneously enhancing
stability by utilizing CdSe/Cd1−xZnxSe1−ySy/ZnS QD nano-
templates. PbSe/PbSe1−ySy/PbS QDs with tailored dimensions are yielded via a simple yet robust cation-exchange process that
effectively replaces the Cd and Zn cations with the cation of interest (i.e., Pb) without disrupting the anionic framework. The
absorption and emission of IR QDs can be precisely altered from 1200 to 2500 nm by either controlling the cation exchange time or
tuning the dimensions and optical wavelengths of the inorganic nanotemplate (i.e., CdSe/Cd1−xZnxSe1−ySy/ZnS QDs). These IR
QDs manifest excellent colloidal stability in solution for months. Moreover, absorption wavelengths are well retained for more than
50 days without any noticeable shifts. Such a cation-exchange route is simple yet robust and may render the creation of a large
variety of stable IR QDs of interest in a rapid and controllable manner for applications in IR-emitting down-converters, lasers,
photodetectors, sensors, and so on.
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■ INTRODUCTION

Infrared (IR) semiconductor nanocrystals (NCs), so-called
quantum dots (QDs), represent an important class of
nanomaterials for next-generation optoelectronic applications
such as lasing media, photodetectors, photoimaging devices,
and IR scene projectors.1,2 A variety of methods have been
used to tune QD emission, including control of core size and
shell thickness,1 design of Type I or Type II QDs,1 application
of pressure,3,4 and so on. To access photoluminescence (PL)
and absorbance in the shortwave IR (SWIR; 1−2.5 μm) and
midwave IR range (MWIR; 3−5 μm), materials with narrow
bandgaps (<0.4 eV) are required. Among all narrow bandgap
semiconductors, lead chalcogenide (i.e., PbS, PbSe, and PbTe)
QDs have been widely studied. The exciton Bohr radii of PbS,
PbSe, and PbTe are 18, 46, and 150 nm, respectively,5 and the
experimental values of direct energy bandgap for bulk PbS,
PbSe, and PbTe at 300 K are 0.41, 0.27, and 0.31 eV,
respectively.6 Notably, PbSe has the narrowest bandgap among
the three lead chalcogenides. In addition, PbSe is also known
for its efficient multiple exciton generation (MEG) that may
greatly improve light harvesting efficiency of solar cells as well

as photodetectors.7,8 The bandgap of these QDs can be fine-
tuned by changing their sizes to below the respective Bohr
radii, a phenomenon known as quantum confinement
effect.9−11 PbSe QDs, however, also have their own critical
shortcomings, that is, low stability under ambient environ-
ments (e.g., susceptible to oxidation in air).12−15 PbSe QDs
dispersed in hexane and stored in air can undergo oxidation of
up to 50% of its original volume in only a few hours.15

In this context, much effort has been centered on coating
PbSe QDs with various materials to passivate the dangling Pb
(e.g., PbCl2

12 and PbS16) or Se (e.g., CdSe layer) sites on the
QD surface, leading to their improved stability in ambient
environments. Recently, a facile synthesis method was reported
to produce stable PbSe QDs with a thin PbCl2 outer coating
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via cation exchange of CdSe12 or ZnSe17 QDs by utilizing
PbCl2 as the reactant. The cation exchange reaction was found
to be effective. Moreover, by increasing the cation exchange
time, the QD size continued to increase due to the Ostwald
ripening effect even after the cation exchange process was
complete.18 Moreover, the initial cation exchange was
instantaneous; however, the following growth phase was
proceeded over minutes or even hours, thus rendering precise
control over dimensions.
It is notable that in the case of PbSe/PbS core/shell QDs

they possess a Type II core/shell structure (i.e., Ec(PbS) >
Ec(PbSe) > Ev(PbS) > Ev(PbSe), where Ec and Ev are
conduction band and valence band energies, respectively);19

the spread of the hole wave function across the PbSe and PbS
materials may thus occur, resulting in a red-shift in PL

emission (relative to that of the PbSe core) and an extended
exciton lifetime.2,20 Moreover, thick shell layers are known to
cause suppressed absorption intensity of the first exciton peak
and induce a larger Stokes shift in QDs. In this regard, CdSe/
Cd1−xZnxSe1−ySy/ZnS core/graded shell/shell QDs synthe-
sized by us have a gradient interface layer between CdSe and
ZnS.21 They exhibit suppressed absorption of the first-exciton
peak and improved stability due to the reduced lattice
mismatch between the core and shell materials.21 It has been
demonstrated that even for PbSe/PbS core/shell QDs with a
small lattice mismatch of 3%, the alloying of the interface via
thermal annealing have shown to reduce interfacial strain,
leading to longer PL lifetimes.22 In addition, quantum yield
(QY) of PbSe/PbSe1−ySy (y = 0.5) core/alloyed shell QDs was
reported to be 65% compared to 40% of PbSe core only QDs

Figure 1. Cation exchange of CdSe/Cd1−xZnxSe1−ySy/ZnS QDs into PbSe/PbSe1−ySy/PbS QDs. (a) Schematic representation of crafting PbSe/
PbSe1−ySy/PbS QDs via cation exchange. TEM images of (b) PbSe/PbSe1−ySy/PbS QDs synthesized by utilizing green-emitting CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs as nanotemplates and (c) PbSe/PbSe1−ySy/PbS QDs synthesized by employing red-emitting CdSe/Cd1−xZnxSe1−ySy/
ZnS QDs as nanotemplates. The left images in (b) and (c) are TEM images of the corresponding green- and red-emitting CdSe/Cd1−xZnxSe1−ySy/
ZnS QDs used as nanotemplates. (d−f) HRTEM images of PbSe/PbSe1−ySy/PbS QDs. (d) PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 5 min
from 7.40 nm green-emitting CdSe/Cd1−xZnxSe1−ySy/ZnS QDs. (e) PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 25 min from 7.40 nm green-
emitting CdSe/Cd1−xZnxSe1−ySy/ZnS QDs. (f) PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 25 min from 7.57 nm red-emitting CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs. The lattice spacing and crystalline planes are labeled in (d−f).
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and 50% of PbSe/PbS core/shell QDs.20 It is worth noting that
suppressed first exciton peak absorption, PL red-shift, and high
QY are of key importance, especially for PbSe-based QDs
which show anti-Stokes shift as the size of plain PbSe QD
increases. For instance, 4 nm PbSe QDs have a Stokes shift of
100 meV while that of 6.1 nm PbSe QDs is −10 meV.20

Herein, we develop a robust route to stable IR-emitting
chemical composition gradient QDs (i.e., PbSe/PbSe1−ySy/PbS
core/graded shell/shell QDs) with precisely tunable dimen-
sions and optical properties by controlling the cation-exchange
(CE) reaction time as well as the dimensions of initial
inorganic nanotemplate (i.e., CdSe/Cd1−xZnxSe1−ySy/ZnS
QDs). The CE reaction involves an instantaneous CE reaction,
followed by slow growth of the PbS shell layer which is simply
attainable by extending the CE time. Such a reaction not only
improves the stability of the resulting QDs but also allows for
fine-tuning of their emission wavelengths. Furthermore, by first
synthesizing a more readily characterizable CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs (i.e., CdSe and ZnS having distinct
lattice dimensions as well as optical properties in the visible
region) of different sizes and subsequently performing CE to
craft PbSe/PbSe1−ySy/PbS QDs of varied diameters, the
relationship between the crystal dimensions and optical
properties is scrutinized. It is important to note that the
PbSe core is directly surrounded by a PbS shell in situ, thus
preventing the PbSe core from being exposed to air and in turn
ensuring improved stability. They demonstrate outstanding
colloidal stability for months, and the absorption wavelengths
remain unchanged for more than 50 days. As such, stable IR-
emitting QDs of varied dimensions are easily accessible. By
extension, a rich diversity of SWIR and MWIR QDs of interest
with long-term stability can be conveniently produced by the
facile CE strategy, rendering a wide range of optoelectronic
applications.

■ RESULTS AND DISCUSSION
Figure S1a depicts the schematic representation of CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs with a composition gradient
interface between the CdSe core and ZnS shell as well as a
thicker passivating ZnS shell layer (right column). The
synthesis details are given in the Experimental Section as
well as our previous work.21 The gradient interface between
the core and shell material allows for the delocalization of
electrons into the interfacial layer, thus rendering a red-shift in
the optical properties compared to the CdSe core only while
concurrently reducing the strain and instability caused by the
lattice mismatch between the CdSe core and ZnS shell. This
composition gradient interface is achieved by capitalizing on
the higher reactivity between Cd and Se compared to that
between Zn and Se, thus imparting more Cd to occupy the
inner core and more Zn to take up the outer shell. The thick
ZnS shell is achieved by adding excess Zn and S compared to
Cd and Se. Figure S1a (left column) and Figure S1b show the
absorption and emission spectra and TEM images of the
chemical composition gradient QDs, respectively, prepared by
using 2.45 nm green-emitting CdSe QDs as the seeds. The
diameter of QDs increased from 2.45 nm for as-prepared CdSe
QD core (i.e., 2.45 nm calculated from the first exciton peak
wavelength23) to 5.25 nm for CdSe/Cd1−xZnxSe1−ySy/ZnS
QDs with a thin ZnS outer shell and 7.40 nm for CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs with a thick ZnS outer shell.
Notably, because of the suppressed absorption peak, it is
unclear where the absorption peak is exactly situated for the

CdSe/Cd1−xZnxSe1−ySy/ZnS QDs. However, from the PL peak
position shift of 13 nm, a 6.5% increase of the effective core
diameter can be estimated due to the gradient interface
between the core and shell materials. As one monolayer of ZnS
is 3.1 Å, the 5.25 nm CdSe/Cd1−xZnxSe1−ySy/ZnS QDs have
4.3 ZnS layers, while the 7.40 nm CdSe/Cd1−xZnxSe1−ySy/ZnS
QDs possess 7.7 ZnS layers (a monolayer of ZnS is 3.1 Å
between consecutive planes along the [002] axis in bulk
wurtzite ZnS24). Figure S2 displays the absorption and
emission spectra of three CdSe/Cd1−xZnxSe1−ySy/ZnS QDs,
each emitting a red, green, and blue color (hereafter denoted
Red, Green, and Blue QDs). All three QDs are synthesized by
utilizing the chemical reactivity differences between the
reactants to yield a gradient interface (see the Experimental
Section).
Figure 1a depicts the synthetic scheme for converting the

highly stable CdSe/Cd1−xZnxSe1−ySy/ZnS QDs to PbSe/
PbSe1−ySy/PbS QDs in a one-step CE reaction. The CE
process is driven by the difference in solvation energy for the
cations (i.e., the ligand’s propensity for selective ion bind-
ing).18,25,26 Previous studies have demonstrated that both Zn
and Cd can readily be replaced with Pb.2 Oleylamine, in
particular, has been shown to be critical to solvate Cd ions and
allow for replacement with Pb. Cation exchange with Pb oleate
alone has not resulted in any successful substitution. In both
this study and previous ones, Pb substitution has been
observed to occur rapidly, needing only 20 s in some cases.
It is worth noting that after initial CE the PbS shell thickness
continues to grow, and this process is finely tunable by simply
changing the reaction time. This process is a result of the
Ostwald ripening effect, where smaller particles dissolve and
redeposit on larger particles. The ability to precisely control
the PbS shell thickness over a PbSe core is important as PbSe/
PbSe1−ySy/PbS QDs are Type II core/shell QDs in which the
alignment of the bandgap may confer emission to red-shift as a
function of the shell thickness. The schematics of Type II band
alignment of PbSe/PbS and gradient PbSe/PbSe1−yPbSy/PbS
QDs are shown in Figure S3. For comparison, the schematics
of Type I band alignment of CdSe/ZnS and CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs are shown in Figure S4.
Figures 1b,c show TEM images of the chemical composition

gradient PbSe/PbSe1−ySy/PbS QDs produced by utilizing
CdSe/Cd1−xZnxSe1−ySy/ZnS QDs (Figure 1b: CE from 7.40
nm Green QDs in Figure S2; Figure 1c: CE from 7.57 nm Red
QDs in Figure S2) as nanotemplates. The TEM images clearly
reveal that both QDs before and after CE are monodisperse.
One simple and direct indication of CE can be seen from the
inset (i.e., digital image of the colloidal solution in Figure 1c),
in which the normally green or red cadmium-based QDs are
fully converted to a dark-brown color, indicative of lead-based
QDs. Moreover, from the inset, we note that the lead-based
QD is colloidally stable in solution. Even after over one year of
storage in air at RT, we did not observe any precipitation. The
diameter of the QDs increases from 7.40 ± 0.75 nm for as-
prepared CdSe/Cd1−xZnxSe1−ySy/ZnS QDs (Green QDs;
Figure 1b) to 7.76 ± 0.41 nm for the PbSe/PbSe1−ySy/PbS
QDs cation-exchanged for 5 min, to 12.14 ± 0.80 nm for the
PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 25 min, and
eventually to 15.03 ± 0.61 nm for the PbSe/PbSe1−ySy/PbS
QDs cation-exchanged for 125 min. Considering the near-
complete CE that is further corroborated in the later sections,
the density of the components (Table S1), and PbS monolayer
thickness of 1.2 nm,27 there is approximately 4.3, 7.9, and 10.3
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PbS layers after 5, 25, and 125 min, respectively. As the 7.40
nm CdSe/Cd1−xZnxSe1−ySy/ZnS QD nanotemplate has 7.7
ZnS layers, the initial drop to 4.3 PbS layers coincides with our
proposed schematic in Figure 2b and prior literature17 in which

the shell layer is partially lost for large quantum dots initially
and then later replenished as the cation exchange reaction
progresses. The 7.57 ± 0.73 nm red-emitting CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs also exhibit a very similar trend
where the size increase is precisely controllable as a function of
CE time. Figure 1d−f and Figure S5 show HRTEM images of
PbSe/PbSe1−ySy/PbS QDs with excellent crystallinity. Because
of the small crystallographic mismatch between PbSe and PbS
of 3%,20 the QDs appear to be a single crystal. The lattice
spacing, however, show values that are intermediate of the
characteristic values for PbSe (#78-1903) and PbS (#78-1900).
For instance, PbSe/PbSe1−ySy/PbS QDs (Green QD cation-
exchanged for 5 min; Figure 1d) and PbSe/PbSe1−ySy/PbS
QDs (Red QD cation-exchanged for 25 min; Figure 1f) have a
lattice spacing of 0.350 nm (111) and 0.349 nm (111),
respectively, that is in between that of 0.353 nm for PbSe and
that of 0.342 nm for PbS. This observation also agrees well
with the intermediate XRD peaks that will be discussed later.

We note that the QD size increases via two distinct
processes. First, the crystal density of the reactant QD is much
lower than that of the product QD (Table S1). Although the
volumetric change in the core material from CdSe to PbSe is
relatively small (4.5% increase from zinc-blende CdSe or 7.5%
increase from wurtzite CdSe), the volumetric change in the
shell material from ZnS to PbS is significant (32.1% increase
from zinc-blende ZnS). Second, it has been reported that the
materials to grow larger QDs are provided via the Ostwald
ripening effect in which smaller QDs dissolve and redeposit on
larger QDs. One limitation of the CE of core/shell QDs may
be that it is not clear when the core material (Se) will dissolve
and deposit on the PbSe/PbSe1−ySy/PbS QD shell. The
amount of Se, however, compared to S in the reactant is very
small (molar ratio 1:45). To substantiate this, XPS was used to
show that a detectable amount of Se is not present on the
surface of the PbSe/PbSe1−ySy/PbS QDs (Figure S6).
Figure S7 shows the suppressed absorption spectra of PbSe/

PbSe1−ySy/PbS QDs due to the thick outer PbS shell. The first
exciton absorption peak is completely unobservable when
viewed over the entire spectrum. A close-up shown in Figure
S7b reveals the presence of a weak first exciton absorption peak
at ∼1800 nm. As the PbSe/PbSe1−ySy/PbS QD size increases
from 7.76 nm (Green QDs cation exchanged for 5 min) to
12.14 nm (Green QDs cation exchanged for 25 min), however,
this absorption peak is clearly suppressed due to the absorption
primarily from the thick PbS shell. It is notable that the
suppression of the first exciton absorption peak was not seen
for PbSe/PbSe1−ySy QDs (i.e., synthesized via CE of CdSe/
Cd1−xZnxSe1−ySy QDs without a ZnS shell; see the
Experimental Section) that did not possess a PbS shell (Figure
S8).
Figure 2b depicts the proposed CE mechanism of the Red

CdSe/Cd1−xZnxSe1−ySy/ZnS QDs to PbSe/PbSe1−ySy/PbS
QDs via XRD analysis (Figure 2a). The XRD profiles and
schematic are color-coded to match each other. Figure S9
shows the XRD peak positions of the PbSe/PbSe1−ySy/PbS
QD relative to those for PbSe, PbS, CdSe, and ZnS. After just
30 s of CE, the characteristic peaks for the CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs completely disappear (XRD of
the Red QDs is shown in Figure S10), and only those for either
PbSe or PbS are observed based on the XRD analysis. The
XRD peaks overlap more precisely with that of PbS (#78-
1900) in the earlier stages of CE (i.e., CE for 30 s and 5 min).
As shown in Figure 2 (black and red box), it is likely that the
CE process initiates from the outer shell material, creating an
overwhelming signal from the outer PbS shell material
compared to that of the PbSe core material. As the CE
process advances toward the inner core (i.e., CE for 25 min),
the XRD peaks shift more toward that of the PbSe (#78-1903)
material, thus positioning themselves intermediate between
that of the PbSe and PbS. It is hypothesized that the XRD
peaks shift toward PbSe due to the gradual construction and
crystallization of rock-salt PbSe phase from the residual Cd-
containing intermediate Pb(Cd)Se phase in the inner core.
Similar observations have been previously reported in the
literature where alloy structures of two compounds show
intermediate XRD peaks.28 As PbSe/PbSe1−ySy/PbS QDs also
carry an interfacial gradient layer, where there is a mixture of
PbSe and PbS materials, the intermediate XRD peak position
supports the successful synthesis of PbSe/PbSe1−ySy/PbS QDs
with an interfacial composition gradient. As the reaction
continues to 125 min, the characteristic peaks shift back to

Figure 2. Cation-exchange mechanism of CdSe/Cd1−xZnxSe1−ySy/
ZnS QDs into PbSe/PbSe1−ySy/PbS QDs as substantiated by XRD.
(a) XRD of PbSe/PbSe1−ySy/PbS QDs after different cation exchange
times (30 s, 5 min, 25 min, and 125 min) from 7.57 nm red-emitting
CdSe/Cd1−xZnxSe1−ySy/ZnS QDs. (b) Schematic showing the
possible cation-exchange mechanism based on XRD data. The XRD
data and schematic are color-coded.
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higher angles, which overlap more with those of the PbS (#78-
1900) peaks. This is because, as the CE process progresses, a
thicker PbS shell is formed on the outside of PbSe/PbSe1−ySy/
PbS QDs; so the overwhelming signal from the PbS material
dominates. It is worth noting that we also performed the same
measurements for the PbSe/PbSe1−ySy/PbS QDs cation-
exchanged from the Green QDs (Figures S11−S13). The
results demonstrate a similar trend to that observed in Figure
2. However, the shift to lower angles (XRD peaks for PbSe are
situated at lower angles compared to PbS) after 25 min is less
pronounced (Figure S14), which strongly corroborates the
proposed CE mechanism. In other words, for the Green QDs
there is less Se compared to that in the Red QDs; thus, there
will be less PbSe in the final cation-exchanged QDs as well,
resulting in a less pronounced shift toward lower angles where
the characteristic peaks of PbSe is situated. To further verify
complete CE from Cd and Zn into Pb, the PL of the PbSe/
PbSe1−ySy/PbS QD solution was measured along the visible
wavelengths. Figure S15a compares the PL of the Red-emitting
QDs and the corresponding PbSe/PbSe1−ySy/PbS QDs (Red
QD cation-exchanged for 30 s). After only 30 s of CE, PL
across the visible spectrum completely disappeared. Even if the
PbSe/PbSe1−ySy/PbS QD PL curve in Figure S15a is
magnified, there is no small bump that may indicate PL
emission. We then moved to test the device limits by
measuring even the weakest PL from the QDs while exciting
the QDs with the strongest excitation possible from the
spectrophotometer (excitation slit width 15 nm; emission slit
width 20 nm; sensitivity set to high). This setting would not be
used in normal circumstances as even QDs with extremely low
QY (e.g., <1%) will show PL counts over the detection limit.
Under these extreme settings, we were able to observe a small
PL peak from residual CdSe in the PbSe/PbSe1−ySy/PbS QDs
cation-exchanged for 30 s and 5 min (Figure S15b). The small
PL peak, however, completely disappeared for PbSe/
PbSe1−ySy/PbS QDs cation-exchanged for 25 min, further
substantiating our proposed mechanism in Figure 2b in which
complete cation exchange takes place by 25 min.
As complete CE occurred between the CE reaction time of 5

and 25 min, energy-dispersive X-ray spectroscopy (EDS;
Figures S16 and S17) was performed to further verify the
elemental composition of the PbSe/PbSe1−ySy/PbS QDs
cation-exchanged for 5 and 25 min. Figure S16 shows point-
scan of EDS measurements performed via HRTEM, and Figure
S17 shows area-scan of EDS measurements performed via
SEM. Although overlap of the peaks for several atom types
prevents us from clearly determining the quantitative presence
of each element, it is evident that the Pb signals overwhelm
that of either Cd or Zn atoms. The peak, assigned to Cu and
Zn in Figure S16, is likely originated from only Cu, as the
signal at that position disappeared in Figure S17 where the
sample holder does not contain a copper grid while that for the
HRTEM does include the copper grid. Moreover, fluorescence
lines assigned to the K transition of Zn (Ka1 8637 eV; Ka2
8614 eV; Ka3 8463 eV) is completely absent in Figure S16 as
well, further corroborating the complete removal of Zn. As for
Cd (La1 3133 eV; Lb1 3315 eV), there is also no clear signal
observed in Figure S16 or S17. It seems EDS measurements
are not sensitive enough to distinguish the difference between
the PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 5 and 25
min. However, they do further validate the successful CE
reaction and the negligible presence of Cd and Zn atoms in the
QDs.

To further corroborate that the original anionic framework is
retained during cation exchange, we performed EDS mapping
via HRTEM. Figure S18a shows the HRTEM of PbSe/
PbSe1−ySy/PbS QDs (Red QD cation-exchanged for 5 min)
with excellent crystallinity in bright field and dark field. Figure
S18b shows the EDS mapping of a single QD from the same
sample. It is important to emphasize that S could not be
mapped via EDS as the S signal overlaps with that of Pb. We
thus show the elemental map via EDS for Pb and Se. As the
original CdSe/Cd1−xZnxSe1−ySy/ZnS QDs were made by a
modified version of previously reported composition gradient
QDs,21,34 the elemental map in Figure S18b, in which there is
relatively more Se in the center region with a gradual decline
toward the edges and a more even distribution of Pb
throughout the QD, further corroborates that the original
structure is retained after the cation exchange process.
Moreover, we would like to emphasize that in Figure 16c the
point scan EDS in the center of the PbSe/PbSe1−ySy/PbS QDs
(Red QD cation-exchanged for 25 min) has a stronger Se
signal (Ka1 11224 eV; Ka2 11183 eV) compared to that in
PbSe/PbSe1−ySy/PbS QDs (Green QD cation-exchanged for
25 min). This observation further corroborates that the
original CdSe/Cd1−xZnxSe1−ySy/ZnS QD morphology of the
template is maintained after cation exchange.
Figure 3 shows the stability of PbSe/PbSe1−ySy/PbS QDs by

measuring the absorption peak position after storage under

ambient environment (dispersed in tetrachloroethylene and
exposed to light and air at room temperature) for 50 days. It
has been reported that PbSe QDs which are easily oxidized
when exposed to air would show a blue-shift in the absorption
peak in less than a week.15 In stark contrast, PbSe/PbSe1−ySy/
PbS QDs show no noticeable shift in the absorption peak
position after 50 days. All PbSe/PbSe1−ySy/PbS QD batches
synthesized manifest no shift in the peak position; however, it
is relatively difficult to discern for QDs with a thicker PbS shell
(i.e., CE for 25 min) due to suppressed absorption as shown in
Figure S7b. We attribute the enhanced stability to the thick
PbS shell. PbS QDs have been demonstrated to be both water

Figure 3. Stability of PbSe/PbSe1−ySy/PbS QDs evidenced by no
absorption peak shift. The PbSe/PbSe1−ySy/PbS QDs are dispersed in
tetrachloroethylene and exposed to ambient air and light. PbSe/
PbSe1−ySy/PbS QDs (Green QD cation-exchanged for 5 min) are
exploited, as QDs with thicker shells have stronger absorption
suppression, making it difficult to decipher the first exciton peak
position.
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and air stable for over several months.29,30 In addition, chlorine
surface passivation, a possible cause for the stability enhance-
ment, was verified via XPS as shown in Figure S19.
Figure 4a presents the PL of PbSe/PbSe1−ySy/PbS QDs after

different CE times. Obviously, PbSe/PbSe1−ySy/PbS QDs with

IR emission have been successfully synthesized. It is interesting
to note that there is a constant red-shift in the PL emission as
the CE reaction progresses due to the Type II QD structure.
This result is in good agreement with previous studies which
have demonstrated that core−shell PbSe/PbS and PbSe/
PbSexS1−x QDs exhibit red-shifted emission with increasing
shell size.27 After a 125 min CE reaction, the PL is at ∼2400
nm, which is a distinct shift from ∼1700 nm (CE for 30 s) or
∼2050 nm (CE for 5 min). It is noteworthy that for a PbSe
core-only QD a 2400 nm PL peak would correspond to ∼9.3
nm.10 From the absorption data of the Red QDs in Figure S2,
the effective core size (i.e., size of the CdSe/Cd1−xZnxSe1−ySy)
is calculated to be ∼5.3 nm. Even considering the size increase
of the effective core after CE due to the increase in the molar
volume, the effective core size cannot increase to 9.3 nm,
which would be a 75% increase. Thus, the PL extension to
2400 nm is unambiguously influenced by the PbS shell layer.
As for the broad shoulder at low wavelengths (1400−1800
nm) seen for the PbSe/PbSe1−ySy/PbS QDs cation-exchanged

for 5 min, it is due likely to QDs that have not been fully
cation-exchanged. This is corroborated by the PL peak for the
PbSe/PbSe1−ySy/PbS QDs cation-exchanged for 125 min (i.e.,
a complete CE) where no shoulder peak is observed.
The photoluminescence quantum yield (PLQY) (η) of four

representative samples with emissions ranging from 1600 to
2400 nm was measured by using a method similar to that
reported in the literature31 (full details in the Experimental
Section). The obtained PLQY values are shown in Table 1.

The decrease in PLQY as a function of increasing emitted
wavelength is commonly reported and is attributed to
nonradiative exciton relaxation facilitated by strong electronic
coupling between QDs and organic ligand layers through both
direction wave function mixing and energy transfer.10 The
PLQY values of the CE-derived PbSe QDs are somewhat lower
than other reported values for PbSe QDs,10 though the values
are comparable. The discrepancy in PLQY values could arise
from the testing errors resulted from the very low PLQY
(∼0.1%) of the available IR dye reference.
In addition to the CE reaction time that dictates the optical

properties (i.e., absorption and PL) of PbSe/PbSe1−ySy/PbS
QDs (Figure 4a), the starting CdSe/Cd1−xZnxSe1−ySy/ZnS QD
emission wavelength (or size) also influences the optical
properties of PbSe/PbSe1−ySy/PbS QDs after identical CE
times (Figure 4b). Figure 4b shows the PL of three PbSe/
PbSe1−ySy/PbS QDs synthesized by utilizing the Red, Green,
and Blue CdSe/Cd1−xZnxSe1−ySy/ZnS QDs, respectively, as
nanotemplates. All three CE reactions are performed for 5 min.
It is clear that the change in optical properties of CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs via control over the QD
dimensions is directly translated into the tailoring of optical
properties of the resulting PbSe/PbSe1−ySy/PbS QDs. The
PbSe/PbSe1−ySy/PbS QDs synthesized from the Red QDs
(emission wavelength; λem = 628 nm) emit at ∼2057 nm, while
those synthesized from QDs with a smaller core (Green QDs,
λem = 539 nm; Blue QDs, λem = 500 nm) emit at 1839 and
1604 nm, respectively. This is because the CE process simply
replaces the Cd and Zn cations with Pb cations from the more
sturdy Se and S anionic framework. To demonstrate the
potential use of PbSe/PbSe1−ySy/PbS QDs as down-converters
in IR-emitting light sources similar to phosphor-converted
LEDs,32 IR QD LEDs were successfully fabricated by coating
PbSe/PbSe1−ySy/PbS QDs on top of a GaN blue LED chip,
and the corresponding IR PLs are shown in Figure S20.
However, the QD coatings prepared with polymer solutions
were too thin to absorb most of the blue LED emission. In-situ
polymerization of the QD−monomer solution on LED chips
to form thick uniform coatings is under investigation to
increase blue light absorption and reduce IR light reabsorption
between QDs. In addition, these IR-emitting QDs also hold
promising applications in lasers, photodetectors, and sensors.

Figure 4. PL of PbSe/PbSe1−ySy/PbS QDs after cation exchange. (a)
Effect of cation exchange time on final PL. The four PbSe/PbSe1−ySy/
PbS QDs are synthesized via cation exchange of red-emitting CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs as nanotemplates. (b) Effect of CdSe/
Cd1−xZnxSe1−ySy/ZnS QD nanotemplate dimensions on final PL. The
three PbSe/PbSe1−ySy/PbS QDs are cation-exchanged for 5 min. All
samples are dispersed in tetrachloroethylene to minimize IR
absorption by solvent.

Table 1. Measured PLQY of PbSe/PbSe1−ySy/PbS QDs
Ranging from 1600 to 2400 nm

emitted wavelength [nm] PLQY [%]

1600 41
1800 23
2000 16
2400 3
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■ CONCLUSION
In summary, we demonstrated the precision synthesis of
composition gradient PbSe/PbSe1−ySy/PbS IR QDs by capital-
izing on CE of well-defined presynthesized CdSe/
Cd1−xZnxSe1−ySy/ZnS visible QDs as nanotemplates, thereby
rendering a robust tailoring of the optical properties in the IR
region and concurrently enhancing their stability. The
chemical composition gradient CdSe/Cd1−xZnxSe1−ySy/ZnS
QD nanotemplates are first synthesized by exploiting well-
known chemical reactivity differences between the reactants.
The CE reaction, in which the sturdy anion framework is
retained while selectively replacing the cations, is successfully
conducted. Specifically, the selective substitution of Cd and Zn
atoms with Pb atoms was enabled by creating a solution
environment where the selected ligand binding with Cd and
Zn atoms is more favorable that that with Pb atoms. Because of
the difference in crystal density between the reactant CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs and product PbSe/PbSe1−ySy/PbS
QDs, the size of the QDs increase after the CE reaction.
Moreover, by utilizing Ostwald ripening effect, the PbS shell
layer on the PbSe/PbSe1−ySy/PbS QDs is precisely tunable as a
function of CE time and reproducible as the PbS shell growth
takes place over minutes and not seconds. The crafted PbSe/
PbSe1−ySy/PbS QDs carry a broad PL range between 1200 and
2500 nm (SWIR region) as a function of CE time. It is
important to note that not only the CE time but also the initial
CdSe/Cd1−xZnxSe1−ySy/ZnS QD size exerted a profound
influence on the absorption and emission of PbSe/
PbSe1−ySy/PbS QDs in the IR region. Clearly, the prolonged
CE reaction time as well as the use of even larger-sized starting
CdSe/Cd1−xZnxSe1−ySy/ZnS QDs would extend the absorb-
ance and PL of the resulting PbSe/PbSe1−ySy/PbS QDs to
MWIR ranges (>3000 nm). Finally, to produce environ-
mentally benign MWIR QDs, CE reactions by utilizing Ag
atoms may also be conducted as well.33 This will be the subject
of future work. Nonetheless, the CE strategy provides a simple
yet powerful platform for devising a rich array of stable IR QDs
for use in optoelectronic materials and devices.

■ EXPERIMENTAL SECTION
Materials. Lead(II) chloride (PbCl2) (ultradry, 99.999%),

selenium powder (200 mesh, 99.999%), sulfur powder (precipitated,
99.5%), cadmium oxide (98.9%), zinc acetate dihydrate (ZnAc2)
(ACS reagent grade, 98.0−101.0%), trioctylphosphine oxide (TOPO)
(>98%), 1-octadecene (ODE) (tech. grade, 90%), oleic acid (OA)
(tech. grade, 90%), and tetrachloroethylene (TCE) (ultrapure,
spectrophotometric grade, 99+%) were obtained from Alfa Aesar.
Trioctylphosphine (TOP) (97%), octadecylphosphonic acid (ODPA)
(97%), zinc acetylacetonate hydrate, and 1-dodecanethiol (>98%)
were obtained from Sigma-Aldrich. Oleylamine (OAm) (50.0%) was
obtained from TCI Chemicals. Toluene, hexane, and methanol (ACS
reagent grade) were obtained from BDH Chemicals. All chemicals
were used as received without any further purification.
Synthesis of CdSe QD Core. ODPA-capped CdSe QDs were

synthesized by following a reported method.33 A mixture of CdO (50
mg), ODPA (400 mg), and TOPO (4 g) was placed in a three-neck
flask and degassed at 140 °C for 1 h. The temperature was then raised
to 290 °C. After complete solubilization of the reactants that the
solution became transparent and colorless, 1 mL of 1 M Se/TOP
solution was quickly injected into the reaction flask to initiate
nucleation and growth. The heating mantle was removed, and the
reaction flask was quickly placed in a water bath. Five milliliters of
toluene was added as the reaction solution reached 60 °C. The
resulting ODPA-capped CdSe QDs were precipitated with methanol
twice and dispersed in toluene.

Preparation of Cd-Oleate and Zn-Oleate Precursor Sol-
ution. We placed 154 mg of CdO, 1581 mg of zinc acetyl acetonate,
90 mL of ODE, and 30 mL of OA in a 250 mL three-neck flask. The
mixture was degassed at 120 °C for 1 h. In an argon environment, the
temperature was raised to 300 °C until the solution became
transparent. Then the heating mantle was removed, and the solution
was allowed to cool to RT.

Synthesis of Blue- and Green-Emitt ing CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs. Twenty milliliters of the Cd-oleate
and Zn-oleate precursor solution (described above) was added to a
100 mL three-neck flask. The solution was degassed at 120 °C for 1 h.
In an argon environment, the temperature was increased to 240 °C.
At 240 °C, 0.4 μmol of CdSe QDs in toluene was quickly injected
followed by an immediate but dropwise addition of a shell precursor
solution (15.8 mg of Se + 256 mg of S in 4 mL of TOP) forming
CdSe/Cd1−xZnxSe1−ySy QDs. To further passivate CdSe/
Cd1−xZnxSe1−ySy QDs with a ZnS shell, 2 mL of 0.5 M S/TOP was
added. After 90 min, the heating mantle was removed, and the
solution was allowed to cool to RT. At around 60 °C, 10 mL of
hexane was added. The final CdSe/Cd1−xZnxSe1−ySy/ZnS QDs were
precipitated with acetone twice and then redispersed in the desired
solvent.

Synthesis of Red-Emitting CdSe/Cd1−xZnxSe1−ySy/ZnS QDs.
For synthesis of cadmium-based QDs with graded architecture, we
have adopted and modified a previously reported method.21,34 We
placed 1 mmol of CdO, 2 mmol of Zn(Ac)2, 5 mL of oleic acid, and
15 mL of octadecene were placed in a three-neck flask. The mixture
was then degassed for 1 h at 150 °C followed by a temperature
increase to 300 °C. After the solution became transparent, 0.4 mL of 1
M Se/TOP was quickly injected. To passivate the QD surface, 0.3 mL
of dodecanethiol was added dropwise. Then, to fully passivate the QD
with a thick shell, 1 mL of 2 M S/TOP was added and allowed to
react for several minutes. After the solution was cooled, 10 mL of
hexane was added.

Synthesis of PbSe/PbSe1−ySy/PbS IR QDs. For cation exchange
of cadmium-based QDs into lead-based QDs, we adopted and
modified a previously reported method.12 To a three-neck flask was
added 5 mL of oleylamine and 1 mmol (278 mg) of PbCl2. The
solution was degassed at RT for 1 h. The temperature was raised to
190 °C in an argon environment. One milliliter of 0.05 M CdSe/
Cd1−xZnxSe1−ySy/ZnS QDs in ODE was quickly injected and allowed
to undergo cation exchange for desired reaction times. The heating
mantle was then removed and allowed to cool to RT. At around 70
°C, 4 mL of OA and 5 mL of hexane were added to the solution. The
PbSe/PbSe1−ySy/PbS QDs were precipitated with methanol twice and
dispersed in hexane. The final hexane solution was centrifuged at 1000
rpm (unreacted PbCl2 precipitates), and the supernatant was
collected for further characterization.

Fabrication of IR QD LEDs. To fabricate IR-emitting LEDs, the
PbSe/PbSe1−ySy/PbS IR QDs were mixed with poly(methyl
methacrylate) in toluene to create a viscous polymer solution. The
QD/polymer solution was then dropcast onto a blue chip LED and
allowed to dry. The blue chip was then illuminated, and the IR
emission spectra of the QD down-converted LED were recorded.

Characterization. The morphology of as-prepared CdSe QDs,
CdSe/Cd1−xZnxSe1−ySy/ZnS QDs, and PbSe/PbSe1−xSx/PbS QDs
was examined by using a JEOL 100CX II TEM. High-resolution TEM
images as well as EDS (point scan) measurements were obtained by
an FEI Tecnai G2 F30 TEM. EDS (area scan) was performed by a
LEO 1530 SEM. The X-ray diffraction (XRD) patterns were obtained
by using a PANalytical Empyrean Alpha-1 X-ray diffractometer.
Absorption and emission spectra up to NIR wavelengths were
recorded by using a UV−vis spectrometer (UV-2600, Shimadzu) and
a spectrofluorophotometer (RF-5301PC, Shimadzu), respectively. For
IR absorption spectra, a Cary 5000 UV−vis−NIR spectrophotometer
which is capable to measure absorbance up to 3300 nm was utilized.
For IR PL spectra, a FieldSpec 3 spectroradiometer was utilized.

The PLQY (η) of the diluted QD in TCE solution samples were
measured similarly as reported in the literature29 on the following
equation:
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where F is the integrated emission intensity, A is the absorption rate at
the excitation wavelength of 800 nm, n is the refractive index of the
solvent, and ƛ is the peak emission wavelength. The subscript “r”
represents the IR-1048 dye (Sigma-Aldrich) as the reference for
PLQY measurements. The PLQY of the IR-1048 dye in diluted
ethanol solution is reported to be 0.1%, with a peak emission at 1048
nm.31 Both the QD samples and the dye were excited with a 0.8 W
laser diode emitting at 800 nm, and the fluorescence spectra were
recorded with the radiance calibrated FieldSpec 3 spectroradiometer.
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