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C
omplex and novel colloidal nano-
crystals may be prepared by cation
exchange reactions.1�4 Generally,

cation exchange reactions in colloidal nano-
crystals have been shown to preserve the
size and morphology of the reactant nano-
crystals, producing heterostructures5,6 and
crystals whose phase7 and shape8 are often
not accessible by conventional hot-injection9

or heat-up10 syntheses. The cation exchange
reaction involves formation of a new solid
phase and ligation of the exchanged cation
in solution. Therefore, the thermodynamic
driving force for the exchange is a balance
between the solvation energy of the cation
and the lattice binding energy before and
after exchange.2,11 The exchange of Pb2þ for
Cd2þ in presynthesized PbE (E = S, Se, or Te)
nanocrystals is commonly used to prepare
heterostructurednanocrystals6,12�14madeof
Pb and Cd chalcogenide compounds. We
recently discovered an effective reverse ex-
change that is the direct replacement of Cd2þ

for Pb2þ in presynthesized CdE nanocrystals

allowing for greater flexibility in the design of
novel nanoheterostructures.15 The reverse
cation exchange reaction was achieved by
modifying the ligating environment,which in
turn alters the redox potentials of the cations
in solution.16 Our cation exchange reaction
is promoted by using PbCl2 in oleylamine
(OLA). In our previous reports, we found
evidence that Cd and Cl reside at the surface
of the resultant PbSeQDs.15 In our laboratory,
we find that solar cells fabricated using these
QDs produced via cation exchange exhibit
both a higher power conversion efficiency
(6.2% for PbSe15 and 7.2% for PbS17) and
better air stability when compared to
solar cells fabricated from PbSe or PbS
QDs that were synthesized from the stan-
dard PbO protocol.18 For PbSe QDs, we
showed that the enhanced stability can
mainly be attributed to the Cl surface pas-
sivation and residual Cd does not play a
large role.15

Herein, we further explore this new chem-
istry and show that it is general for the CdE to
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ABSTRACT We developed a strategy for producing quasi-spherical nanocrystals of

anisotropic heterostructures of Cd/Pb chalcogenides. The nanostructures are fabricated via a

controlled cation exchange reaction where the Cd2þ cation is exchanged for the Pb2þ

cation. The cation exchange reaction is thermally activated and can be controlled by

adjusting the reaction temperature or time. We characterized the particles using TEM, XPS,

PL, and absorption spectroscopy. With complete exchange, high quality Pb-chalcogenide

quantum dots are produced. In addition to Cd2þ, we also find suitable conditions for the

exchange of Zn2þ cations for Pb2þ cations. The cation exchange is anisotropic starting at

one edge of the nanocrystals and proceeds along the Æ111æ direction producing a sharp
interface at a (111) crystallographic plane. Instead of spherical core/shell structures, we produced and studied quasi-spherical CdS/PbS and CdSe/PbSe

Janus-type heterostructures. Nontrivial PL behavior was observed from the CdS(e)/PbS(e) heterostructures as the Pb:Cd ratio is increased.

KEYWORDS: quantum dots . heterostructures . cation-exchange reactions . synthesis . lead chalcogenide
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PbE QD exchange. We also demonstrate that PbS
QDs can be prepared from ZnS QDs implying that
cation exchange reactions can be further generalized.
Finally, we develop nanocrystal heterojunctions that
are anisotropic in composition yet quasi-spherical in
shape, called Janusparticles,where one-half of the nano-
crystal is composed of PbE and the other half of CdE.
Heterostructured nanocrystals are a class of promis-

ing systems in which the different components of the
structure can be independently tuned, giving rise to
new optical and electronic properties not accessible in
bulk systems. Tuning of the band alignment between
the two halves of the heterostructure provides a new
capability for controlling the relaxation pathways of
photogenerated carriers because of the ability to per-
form “wavefunction engineering”, e.g. tuning the band
offsets and controlling the electron�hole (e-h) wave
function overlap. Novel nanoheterostructures such as
core/shell,6 core/shell/shell,19 dot-in-rod, dot-on-rod,20

and heterotetrapods19 have all been developed over
the past few years with the intent to control energy
and charge relaxation pathways. Recently, core/shell
QDs with thick shells, or giant-QDs (g-QDs), where the
shell is CdS and the core is CdSe, have been explored
because they exhibit some fascinating properties,
such as decreased single particle photoluminescence
blinking,21 emissive biexciton states,22 and controlla-
ble separation between the emitting and absorbing
states (variable Stokes-shift).23,24 Extension of these
concepts to infrared QDs by employing the PbE/CdE
system has been explored by a number of researchers.
Lee et al. showed that in core/shell/shell structureswith
a PbSe core, the photoluminescence (PL) lifetime could
be increased by 2 orders of magnitude.19 Giant QDs of
PbE/CdE,25 where the PbE component is the core, have
been developed in analogy to the CdSe/CdS g-QDs
system. Lin et al. demonstrated dual emission from
PbSe/CdSe system. They find that the electron delocal-
izes across the structure (so-called quasi-type II band
offset) leading to a reduced e-h wave function overlap
while the hole undergoes a slow relaxation from a
localized state in the shell to the core allowing for
emission from both shell and core states.25 Cirloganu
et al. took advantage of this slowed hole relaxation
to demonstrate that in thick shell PbSe/CdSe core/
shell nanocrystals the multiple exciton generation/
carrier multiplication (MEG/CM) efficiency could be
improved considerably over that of a single compo-
nent nanocrystal.26

Such structures, with improved MEG, would be very
useful for solar cell applications,27 but they suffer from
the inability to extract the hole. The electron is delo-
calized across core and the shell, while the hole
localized within the PbE core of the nanostructure.
Ideally, an inverted core/shell structure, where PbE is
the shell, would provide both high MEG as well as
access to both carriers: the hole would be localized to

the shell while the electron would be delocalized
across the entire nanostructure. Elongated anisotropic
systems, such as nanorods (NRs), also could allow
access to both carriers, at different spatial positons
and there have been several methodologies devel-
oped to produce such structures. Kudera et al. demon-
strated that CdSNRs can be used as seeds to growPbSe
QDs on the ends of the rods.28 Luther et al.developed a
two-step cation exchange reaction to produce PbS NRs
from CdS NRs with Cu2S as an intermediate between
the CdS and PbS system.29 They found that the reaction
could be controlled to produce rods where half is CdS
and half is PbS. Nanayakkara et al. employed scanning
Kelvin probe microscopy to study the band offsets in
the CdE/PbE NRs and found large built-in fields that
occur at the interface.20 However, forming close-
packed arrays necessary for QD photovoltaic systems
may be difficult with such elongated nanostructures.
Recently, Ha et al. constructed large, 20 nm, spherical
heterostructured particles of ZnS/CuS by a controlled
cation exchange of Cu2þ for Zn2þ.30 In their reaction,
the cation exchange starts at opposite edges of the
nanocrystals producing spherical heterostructures that
“sandwich” the CuS between ZnS (dual interfaces). The
heterostructures presented here are smaller and quan-
tum confined heterostructures with a quasi-spherical
shape yet anisotropic composition, which could allow
for access to electrons and holes within an amenable
packing geometry.

EXPERIMENTAL SECTION

The reactions described here start by heating PbCl2
in oleylamine (OLA) at 140 �C for 30 min and then
cooling to room temperature; the resulting complex
forms a viscous solution or gel. The PbCl2/OLA gel is
then reheated to a temperature that ranges from 80 to
190 �C depending on the starting and desired ending
QD size (details are provided in the Methods section
and the Supporting Information). The presynthesized
CdE QDs31 (in toluene or octadecene) are then rapidly
injected followed by controlling the bath temperature
according to the desired product. The color of the
solution changes immediately upon the injection of
CdE QDs, indicating that the cation exchange reaction
proceeds very quickly.1 Oleic acid (OA) is added to the
reaction mixture to remove unreacted PbCl2 and re-
place OLA ligands that are weakly bound to the QD
surfaces. The resulting QDs can be isolated using polar
solvents and centrifugation and redispersed into non-
polar solvents similar to washing procedures used for
traditional PbE QD syntheses.

RESULTS

Synthesis of PbS QDs via Conversion of CdS QDs. Phase pure
PbS QDs can be synthesized directly via the complete
cation exchange described above when the starting
CdS QDs have sizes that range from about 1.7 to 6 nm.
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The small limit of achievable sizes is only constrained
by the synthetic protocol for making the smallest
starting CdS QDs. Since the size of the resulting PbS
QDs is influenced by the starting size of the CdS QDs,
we can produce very small PbS QDs with a diameter
of 1.7 nm. This corresponds to a first exciton peak
at 570 nm (2.17 eV), which to our knowledge is close
to the smallest PbS QDs produced. In Figure 1a, we
show the spectra of the resulting PbS QDs that were
obtained from the starting CdS QDs whose spectra
is displayed in Figure 1b. The colors of the PbS traces
correspond to those of the starting CdS QD spectra.
In Figure 1c, we show the sizes of the fully exchanged
PbS QDs (blue squares) plotted against the corre-
sponding starting CdS QD sizes. The diameters are
determined from standard sizing curves that relate the
first exciton absorbance to the QD diameter for both
CdS32 and PbS.33 The full exchange of smaller CdS QDs

(1.48 nm e d e 5.72 nm) was achieved by increasing
the solution temperature at injection, and in some
cases accompanied by small increases in reaction time
(a summary of the synthesis conditions for each of
the points in Figure 1c are shown in Supporting
Information Table S1). Within the synthesis parameter
space explored here, larger CdS QDs (>6 nm) could
not be exchanged for two reasons. As evidence by
the summary of synthesis in Supporting Information
Table S2, the exchange of increasingly larger CdS QDs
required significant increases in temperature (e.g.,
from 80 �C for 2.43 nm CdS to 190 �C for 4.26 nm CdS).
The usable temperature range is limited to approxi-
mately e200 �C because the PbCl2/OLA mixture be-
comes unstable and a precipitate is formed above
200 �C. Increasing the reaction time, on the other hand,
led to significant issues of nanoparticle coagulation.
However, the range of obtainable fully exchanged PbS

Figure 1. (a) Absorption spectra of resulting PbS QDs synthesized from starting CdS QDs shown in (b). The color of the PbS
traces indicates fromwhich CdS QD batch the resulting PbS QDswere synthesized. The spectra are vertically offset for clarity.
In (c), we plot the resulting PbSQDdiameter as a function of the starting CdSQD diameter. The blue squares are for syntheses
where the reactionwas stopped immediately after the injection of CdSQDs, while the green squares show the size for PbSQD
samples that were allowed to continue growing. (d) Absorption spectrum and PL QY (inset) of ∼3 nm PbS QDs dispersed in
hexane and stored in air for 30 days. (e) A typical TEM image of the PbS QDs synthesized from CdS QDs and (f) the
corresponding XRD patterns of the starting CdSQDs and ending PbSQDs demonstrating the complete exchange fromCdS to
PbS.
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QD sizes could be expanded by growing PbS QDs
to sizes larger than that of the starting CdS QDs.
This was done by increasing the reaction time, beyond
that necessary to obtain PbS QDs of the same size
as the starting CdS QDs. The QDs continue to grow
via dissolution of smaller QDs and growth of larger
QDs similar to what has been observed for the pre-
paration of PbSQDs fromPbCl2/OLA.

34 Thus, the cation
exchange reaction likely is accompanied by a small
amount of dissolution at the edges of the nanocrystals
that ismore pronounced for the smaller QDswithin the
ensemble.

We characterized the PbS QDs using TEM, XPS,
PL, XRD, and absorption spectroscopy. XPS data
(Supporting Information Figure S2) shows that the
residual amounts of Cd and Cl compared to Pb are
3.5% and 39%, respectively, for ∼3 nm PbS QDs, and
vary with size consistent with reports where Cd and Cl
passivate QD surfaces.33,35�37 The presence of Cd and
Cl on the QD surfaces is further supported by their
removal as a result of various ligand treatments when
preparing QD films.17 The resulting PbS QDs exhibit
enhanced air stability when dispersed in hexane, as
shown in Figure 1d. The first exciton peak does not shift
during the storage time of 30 days and the photo-
luminescence quantum yield (PL QY) remains at values
greater than ∼40% during this time. The TEM image
in Figure 1e shows the monodispersity of the as-
synthesized PbS QDs and XRD patterns (Figure 1f),
demonstrating the transformation from zinc blende
(CdS) to rock salt (PbS).

Synthesis of PbSe QDs via Conversion of CdSe QDs. In a
similar fashion to the exchange of CdS QDs for PbS

QDs, CdSe QDs ranging in size from ∼2 to ∼5 nm can
undergo complete cation exchange for PbSeQDs. Larger
PbSe QDs (up to∼7 nm) can be prepared by continuing
the growth after the initial cation exchange with the
introduction of additional Se precursor (TOPSe). Figure 2
displays the spectra of the PbSeQD (a) productswith the
CdSe (b) startingQDs. As in the caseof the CdSexchange
to PbS, the final size of the PbSe QDs is influenced by
the size of the starting CdSe QDs. For complete cation
exchange, the PbSe QD size is only limited on the small
side by the starting CdSe QDs. Further details of the
synthesis and aswell characterization, includingXRD, are
provided in our earlier publication.15

Synthesis of PbTe QDs via Conversion of CdTe QDs. We also
demonstrate that PbTe QDs can be prepared from
presynthesized CdTe QDs. We prepared CdTe QDs
with diameters of 3 and 3.6 nm (Figure 3b) and injected
these into the PbCl2/OLA mixture at 180 �C. The
resulting PbTe absorbance is shown in Figure 3a, and
the resulting PbTe QD average diameter was deter-
mined to be 2.4 and 4.3 nm from standard size vs first
exciton absorption curves.32,38 The XRD (Figure 3c,d)
analysis confirms the conversion of CdTe to PbTe.
We find for the CdTe/PbTe system, both the size of
the resulting QDs and size distribution are worse than
those obtained for the PbS and PbSe QDs presented
above. However, PbTe QDs produced via the standard
PbO synthesis are very unstable and degrade in air in
only a few hours.39 The cation exchanged PbTe QDs
produced here are stable over the course of at least
a fewweeks when stored in air, thus providing impetus
to further develop this synthetic protocol which will be
the subject of future publications.

Figure 2. (a) PbSe QDs that result from the cation exchange reaction of the starting CdSe QDs shown in (b). (c) The resulting
size of the PbSe QDs corresponds to the size of the starting CdSe QDs. (d) HRTEM shows that the majority of the exchanged
QDs are highly crystalline.
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Synthesis of PbS QDs via Conversion of ZnS QDs. To test
the versatility of this cation exchange, we investigated
exchange of a variety of metal sulfide nanoparticles,
including Ag2S, Cu2S, ZnS, SnS, MnS, and HgS, which
were injected into the hot PbCl2/OLA complex. Among
those listedmetal sulfide nanoparticles, only ZnSworks
for the cation exchange via the synthetic protocol
discussed here. Figure 4 shows the absorption spectra
of the starting ZnS QDs (b) and the resulting PbS
QDs (a). Figure 4c,d confirms the transformation of
the crystalline structure.

Synthesis of PbE via Conversion of CdE Nanorods. We also
attempted to use CdE NRs to directly produce PbE NRs.
However, both the CdSe and CdS NRs transformed
to QDs with a broad size dispersion, as shown in
Supporting Information Figure S4. Figure 5 shows the
evolution of the absorption spectrum and shape of the
nanocrystals when CdSe NRs are used for the cation
exchange at 80 �C. At this temperature, the CdSe
NRs are transformed to PbSe QDs slowly, and we can
stop the reaction at various stages to study the evolu-
tion of the cation exchange. As shown in Figure 5b�d,

the transformation of CdSe NRs to spheroid PbSe
nanocrystals is not immediate but occurs between
1 and 15 min of reaction. A similar transformation of
CdSe NRs to spheroid particles, of Ag2Se, was reported
by Son et al.1 The authors observed that the shape
asymmetrywas retained only for startingNRs thatwere
thinner than a particular size (4 nm, in their system).
They suggested that this cutoff-width for shape trans-
formation corresponds to a reaction zone width, which
is the length of the reaction front within which the
phase and morphological transformations occur. A
similar situation may play a role here, and the char-
acteristic reaction zone width may be smaller than the
NRwidth (e.g., half or quarter of the NRwidth) depend-
ing on the nucleation density of the PbSe phase along
the NR. (For example, Ag2S nucleates throughout
the entire NR surface when exchanging CdS NRs.5,40)
The small size of the resulting PbSe QDs (∼5 nm) com-
pared to the starting size of the CdSe NRs (∼5.4 nm �
30 nm) indicates that the CdSe NRs split into multiple
PbSe QDs. This suggests that the reaction zonewidth is
equal to or even less than the starting CdSe NR width,

Figure 3. Absorption spectra of the final PbTe QDs (a) that are synthesize from CdTe QDs (b). The XRD patterns demonstrate
the conversion of CdTe (c) to PbTe (d). JCPDS cards 01-075-2083 and 01-072-6645were used for the standard patterns of CdTe
and PbTe, respectively.

Figure 4. Absorption spectra of the resulting PbS QDs (a) and starting CdS QDs (b). XRD patterns of the starting ZnS (c) and
final PbS QDs (d) demonstrating the complete conversion from ZnS to PbS.
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despite the full shape transformation, because a
reaction zone width closer in scale to the NR length
(tens of nm) is more likely to result in larger PbSe
nanocrystals;with the limit being a full transforma-
tion of one NR to one nanocrystal;which would be
thermodynamically preferred due to a reduced surface
area compared to the small PbSe QDs observed here.

Reaction Mechanism. To further study the reaction,
we performed two experiments. First, we produced
PbSe QDs from CdSe QDs, but rather than quenching
the reaction immediately upon injection of CdSe,
we maintained the temperature and monitored the
absorption spectra (Figure 6). The cation exchange
begins immediately upon injection of the CdSe QDs
and then continues until complete. When the tem-
perature is maintained, continued growth of PbSe
QDs occurs even after complete cation exchange has
occurred. Size focusing occurs within the first 2 min
(see inset of Figure 6). Our previous work demon-
strated that growth of PbS/PbSe QDs, in the PbCl2/
OA heterogeneous system, occurs through dissolution
of smaller nanoparticles and growth of larger nano-
particles.34 According to classical theory, size focusing
only happens at a high oversaturation condition.41 As
no Se precursor is added here, the oversaturation
condition can either be attributed to dissolution of
CdSe during the cation exchange, which can then act
as the selenium source for further growth of the PbSe
QDs, or dissolution of smaller PbSe QDs once formed.
In preparation of the larger PbSe particles (>5 nm),
additional Se precursor can be added during the later
stages of particle growth so that oversaturation con-
ditions can be maintained (Figure 2, green squares).

In the second experiment, we monitored the ex-
change of CdS to PbS at lower temperatures, where
intermediates can be captured. Therefore, we can
study how the cation exchange proceeds via the pro-
pagation of the phase boundary across the crystallite.2

Similar to the isovalent exchange of Pb2þ to Cd2þ,2 the
reverse exchange of Cd2þ to Pb2þ, described here, is
thermally activated and allows the capture of inter-
mediate states during the synthesis. Figure 7a shows
the evolution of absorption spectra of the nanoparti-
cles during the synthesis of PbS QDs when large CdS
QDs (∼5.7 nm) are used as the starting point. At the
earliest times (10 s), the calculated PbS domain size
is smaller than the 5.7 nm starting QD size (Figure 7c)
and only reaches the starting size after∼90 s. (The PbS
domain size is calculated using the Moreels et al., first
exciton peak center versusQD size chart.33) At the same
time, the concentration of PbS particles (calculated
based on Beer's law33,34) remains constant in the first
40 s and then decreases thereafter (Figure 7b). There-
fore, the invariable particle concentration and the
smaller starting size of the PbS component compared
to the starting CdS QDs suggest that partial exchange
is occurring during the first ∼50�90 s. The increase of
the PbS size during the partial exchange suggests
propagation of the phase boundary. In addition, during
the partial exchange, the fwhm of the first exciton PbS
peak remains narrow. Because the solution is vigor-
ously stirred, the temperature fluctuation across the
sample solution is very small, resulting in narrow size
dispersion of the converted PbS area. When the whole
CdS QD is completely converted to PbS (at about
40 s for these conditions), the nanoparticles grow via

dissolution of smaller PbS QDs,34 confirmed by the

Figure 5. (a) Evolution of the absorption spectra of nano-
crystals during cation exchange reaction using CdSe NRs as
the startingparticles and a bath temperature of 80 �C. (b�d)
TEM images showing that the nanorod shape is not retained
during the cation exchange and spherical PbSe QDs are
produced after 90 min of reaction time.

Figure 6. Evolution of absorption spectrum of PbSe QDs
when CdSe (with an exciton peak at 580 nm) QDs were
injected into PbCl2/OLA at 150 �C. The inset shows the
evolution of the fwhm of the 1st exciton peak as a function
of reaction time, indicating that size focusing occurs within
the first 2 min after injection of the precursor CdSe QDs.
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decrease of the PbS concentration and increase of the
fwhm between 90 and 1080 s.

Preparation of CdE/PbE Heterostructures. One of the
advantages of cation exchange reactions is that aniso-
tropic morphologies can be readily accessed that are
otherwise difficult to prepare.29,30 Figure 8 shows the
absorption spectrum (a) and TEM images (b and c)
of partially exchanged CdS QDs. The boundary be-
tween different domains can be distinguished in
HRTEM images (Figure 8c). The absorption spectrum
in Figure 8a shows the first exciton peaks of both the
CdS and PbS QDs. As the cation exchange is thermally
activated, the size of converted PbS depends directly
on the initial temperature in the partial exchange.
Three samples were prepared with varying amounts
of PbS exchange, with the results depicted in Figure 9.
For each reaction, the starting CdS QDs (5.7 nm
diameter) are the same and changing the reaction
temperature controls the relative amounts of CdS
and PbS components in the CdS/PbS heterostructure.
For the reactions conducted at higher temperatures,
the first exciton peak of the PbS component redshifts,
while that of CdS disappears gradually (Figure 9a),
indicating the increase of PbS at the expense of CdS.
The increase of the (200) and (400) diffraction intensity
of PbS at higher reaction temperature (Figure 9b)
also confirms the extension of PbS segments at higher
reaction temperatures. For the reaction conditions
corresponding to the lowest temperature of 110 �C,
we find two emission peaks at ∼870 and 1040 nm
(Figure 9c). Interestingly, both the band edge emission
of CdS and the native CdS surface trap emission42,43

(see Supporting Information Figure S5) become negli-
gible after the nucleation and growth of PbS.We assign
the 1040 nm emission to the direct band edge emis-
sion in PbS. The higher energy transition (870nm) is not
high enough to arise from the direct CdS band emission
since this occurs at wavelengths smaller than ∼500 nm
for these samples. The 870 nm emission also is too low in
energy and too narrow to arise from the commonly

observed native CdS trap emission (Supporting Infor-
mation Figure S5).42,43 Possible sources for this 870 nm
emission are cross-emission from the conduction band
of CdS to the valence band of PbS and trap emission
specific to defects at the PbS/CdS interface.

As the PbS domain increases (Figures 9 d,e), the
PbS band-edge emission redshifts in accordance with
decreasing quantum confinement. Concurrently, the
emission spectrum becomes dominated by the PbS
band-edge emissionwhile other emissions, such as from
PbS/CdS interface traps or cross-emission observed in
Figure 9c, become negligible. Interestingly, the native
CdS trap-emission, clearly visible in the starting samples
(Supporting Information Figure S5), is quenched upon
nucleation and growth of PbS domains. Therefore, the
addition of just a small amount of PbS, and/or MCl2
(where M is Cd or Pb), may passivate some traps in CdS
or create competing relaxation pathways for the photo-
generated carriers that bypass the trap state in CdS.
We also find similar effects when the size of the starting
CdS is changed (Supporting Information Figure S6): the
PL spectra of CdS/PbS heterostructures with different
CdS:PbS ratios is consistent with the results shown
in Figure 9.

A two-step synthetic protocol was used for the syn-
thesis of Janus-like heterostructures of CdSe/PbSe.
(Under similar, one-step exchange, synthetic condi-
tions described above for the preparation of CdS/PbS
heterostructures, preparation of CdSe/PbSe hetero-
structures results in larger coagulated particles that
are not stable in solution; this is further discussed in the
Discussion section below.) First, a minimal amount of
cationwas exchanged fromCdSe to PbSe at a relatively
low temperature (here 60 �C) yielding QDs with the
absorption spectrum shown in Figure 10a (red trace).
Then, the slightly exchanged CdSe QDs were used as

Figure 7. Evolution of the absorption spectra (a), particle
concentration (b), and size (c) of PbS nanocrystals after
5.7 nm CdS QDs were injected into PbCl2/OLA at 190 �C and
the reaction temperature was maintained at 180 �C. The
dotted line in (c) represents the size of the starting CdSQDs.

Figure 8. Heterostructured spherical nanocrystal where
approximately half of each QD is PbS and half is CdS. The
absorption spectrum (a) shows features that can be assigned
to the CdS and PbS and the TEM images (b and c) of partially
exchanged CdS QDs demonstrate both the spherical nature
aswell as that eachQD consists of a heterostructure compris-
ing CdS and PbS.

A
RTIC

LE



ZHANG ET AL. VOL. 9 ’ NO. 7 ’ 7151–7163 ’ 2015

www.acsnano.org

7158

seeds to further grow PbSe domains on the CdSe QDs
in 1-octadecene using Pb-oleate and trioctylphosphine
selenide (TOPSe) as the Pb and Se precursors, respec-
tively (details in the Methods section). Figure 10a
(blue trace) shows the absorption of the two-step
synthesized CdSe/PbSe heterostructurewhose absorp-
tion redshifts substantially compared to that of the
slightly exchanged CdSe QDs, confirming the growth
of the PbSe domain. There are two possible reaction
pathways that could result in the heterostructures;
(1) the PbSe can grow epitaxially onto the slightly
exchanged CdSe QDs or (2) the PbSe domain increases
via further cation exchange. A control experiment was
performed to determine whether the growth of PbSe
originates from further cation exchange or adsorption
of Pb and Se monomers. The slightly exchanged CdSe
seeds were subjected to identical conditions but with-
out the injection of TOPSe. Compared to the starting
material, the product of the control experiment chang-
ed very little (Figure 10a green dash trace). Therefore,
we conclude that the growth of the PbSe mainly arises
from the epitaxial growth upon the exchanged part
(PbSe) of the slightly exchanged CdSe/PbSe structures.
TEM images show that the nanoparticles retained their

individuality after the growth of PbSe (Supporting
Information Figure S7). The sharp interface between
the two domains can be readily observed (Figure 10d).
Note that the nanoparticles are randomly oriented on
the TEM grid and not all of the particles are oriented
such that they show the interface. In some particles,
the PbSe component is observed at two opposite sides
of CdSe (Figure 10e), suggesting that cation exchange
proceeds along specific crystallographic planes of the
CdSe QDs.

The variation of PL emission of the CdSe/PbSe
heterostructures while changing the CdSe:PbSe ratio
is consistent with that of CdS/PbS heterostructures.
The CdSe band edge emission and the native CdSe
trap emission both become negligible after addition of
PbSe. With small domain sizes of PbSe, a higher energy
peak at∼900 nm is visible in addition to the PbSe band
edge emission at 950 nm. As in the case of PbS/CdS
discussed above, the higher energy peakmay arise due
to, for example, cross-emission from the CdSe conduc-
tion band to the PbSe valence band or trap emission
due to defects at the CdSe/PbSe interface. As the
PbSe domain size increases, the band edge emission
of PbSe redshifts (to 1330 nm for approximately equal

Figure 9. Absorption spectra (a), XRD patterns (b), and PL spectra (c�e) of the CdS/PbS heterostructures synthesized at
different temperatures. The ratio of PbS:CdS increaseswith higher temperatures,which is schematically shownby the spheres
in panels c�e (yellow represents CdS and black represents PbS).
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proportions of CdSe:PbSe) and the higher energy peak
disappears.

DISCUSSION

One may discuss the cation exchange process in
terms of a reaction zone width,1,40,44 within which there
are fluxes of species entering and of species leaving the
reaction zone. In the syntheses shown here, the Pb2þ

cation is the entering species and the Cd2þ cation is the
exiting species, which is swept away at the surface. This
is an unsteady state process, but at a fixed time near
the beginning of the exchange, we expect the reaction
zone width to be greater with elevated temperatures
due to the increaseddiffusion rate of the cations.Wefind
that a higher temperature or increased time is necessary
to completely exchange CdSe QDs than CdS QDs of any
particular size. This suggests that the reactionzonewidth
is larger for the CdS/PbS system than for the CdSe/PbSe
system. This is consistent with reports of faster Cd inter-
diffusion in CdS than in CdSe.45

Both the cations and anions may be mobile in the
crystal.1 Generally, the cation diffusion rate is much

greater than that of the anion due to the size difference
of the ions and the cations may be perceived as diffu-
sing within a rigid anion lattice.45,46 This is consistent
with the observations of theQD size remaining constant
after full conversion to PbE (i.e., Figures 1c and 2c).
However, at a high enough temperature such that the
reaction zone width is much larger than the nanocrystal
size, the nanocrystal may undergo a morphologi-
cal transformation to a thermodynamically favorable
shape.30 However, when the reaction zone width is
smaller than the QDs, the situation is more complex.30

For isotropic cation exchange, the reaction zone can
be inside the nanocrystal, in which case the cation
exchange proceeds via isotropic propagation of the
reaction front, thus the starting shape is retained.1 For
anisotropic cation exchange, the reaction zone may be
exposed on the surface (i.e., along a preferential crystal
plane). Indeed, the exchange of CdE for PbE proceeds
anisotropically, as indicated by the TEM images in
Figures 8c, 10d,e, and 11a,b. Anisotropic cation ex-
change may also result in reduced ligand coverage
along a particular plane during the reaction allowing

Figure 10. (a) Absorption spectra of slightly exchanged CdSe seeds (red line), products of two-step-synthesis with (blue line)
and without (green dash line) the additional growth step using TOPSe. PL spectra of the slightly exchanged CdSe/PbSe seeds
(b) and CdSe/PbSe heterostructures (c). The ratio of PbSe:CdSe increases in the second step of the synthesis, which is
schematically shownby the spheres in (b) and (c), where red represents CdSe andblack represents PbSe. TEM images (d and e)
of the CdSe/PbSe heterostructures synthesized by the two-step method (with addition of TOPSe).
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adjacent nanocrystals to coagulate via fusion at the
exposed area. Coagulation is observed with exchange
of CdSe for PbSe and CdTe for PbTe (Supporting
Information Figure S8), and least of all with exchange
of CdS for PbS (Figure 8b). Increased coagulation and
sizedistributionmaybeexplainedby the relative rigidity
of the anion sublattice, which follows the order of
MS > MSe > MTe (M = metal) per their lattice formation
energies and hardness. For example, the relative rigidity
of the anion sublattice is lower for the Te case leading
to poor preservation of the Te sublattice of the starting
CdTe QDs and a greater degree of Ostwald ripening
and/or fusion of nearby QDs.
The partial CdS(e) to PbS(e) exchanges do not pro-

duce core/shell structures. Instead, the cation exchange
reaction starts at specific sites or planes (i.e., (111)). In
contrast to the reaction presented here, in the exchange
of PbE to CdE, the reaction occurs isotropically and core/
shell structures are prepared.6,12,13,47 However, the reac-
tion does proceed preferentially in the Æ111æ direction
with the formation of sharp (111)PbSe/(111)CdSe inter-
faces.12 Here, the partial exchange reaction also
shows sharp (111) boundaries between the two phases
(Figure 5c). The sharp anisotropic boundary and prefer-
ential crystallographic plane suggest that the cation
exchange of CdS(e) to PbS(e) proceeds in a layer-by-
layer fashion in the Æ111ædirection. The fact that for both
the Pb2þ to Cd2þ and the Cd2þ to Pb2þ reactions the
(111) crystal plane plays a dominate role can be attrib-
uted to the arrangement of these planes. Specifically,
the (111) planes consist entirely of either cations or
anions in an alternating fashion. Theoretical calculations
of partially exchanged CdSe/PbSe QDs suggest that
there is an interfacial Se atomic layer that is sandwiched
by a Pb layer on one side and a Cd layer at the other
side in the Æ111ædirection.48 Such a configuration should
produce a strain-free interface.48 The partial exchange
based on CdSe QDs confirms the formation of a
sharp (111) interface despite the coagulation of the

nanoparticles, as shown in Figure 11 and Supporting
Information Figure S3. PbSe domains terminated with
(100) planes are also observed at the CdSe/PbSe inter-
face (Figure 11b), similar to recent theoretical and
experimental studies,49 though not as prevalently as
interfacial (111) planes.

CONCLUSION

We develop cation exchange procedures to convert
CdE or ZnE QDs to PbE where E = S, Se, or Te. The
synthesized PbE QDs cover a large range of sizes. With
XPS analysis, we find that residual Cd and Cl remain
following the cation exchange. Considering our earlier
studies, where that residual Cd and Cl are removed
through ligand treatments, we suggest that the resid-
ual Cd and Cl reside near the QD surfaces.15,17 The
residual Cd and Cl contribute to long-term air-stability
of the QDs that are dispersed in hexane and stored
in air. The exchange of Cd2þ to Pb2þ is anisotropic,
proceeding preferentially along the Æ111æ direction
with the formation of a sharp (111) epitaxial interface.
For the cation exchange reaction to proceed comple-
tely, the size of the starting QDs needs to be less than
6 nm for CdS and 5 nm for CdSe, but larger QDs can be
grown by prolonged growth and, in the case of PbSe
QDs, by introducing additional chalcogenide precur-
sor. The cation exchange protocol does not preserve
the shape of the nanocrystals when nanorods of CdSe
or CdS are used.
The thermally activated Cd2þ to Pb2þ exchange,

controlled by reaction temperature and time, proceeds
via the propagation of the reaction front. Using this
controllable cation exchange, we produced hetero-
structures containing CdS(e) and PbS(e), which exhibit
interesting optoelectronic properties that could be
tailored for potential applications in a variety of fields.
The controllable cation exchange demonstrated here
shows another synthetic strategy for high quality QDs,
in addition to other hot-injection and heating-up

Figure 11. TEM imageof partially exchangedCdSeQDs (twoor three nanoparticles are fused together). (a) ThePbSe andCdSe
domains form two (111) interfaces showing an angle of 70.5�, which equals the angle between two (111) planes in a cubic
crystal. (b) PbSe domain terminated with (111) and (200) planes at the interface of PbSe and CdSe.
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methods, which could be applicable to other material
systems.
This approach for making QDs has already shown

promise for QD solar cells. We recently demon-
strated that the QDs synthesized via cation ex-
change and the solar cells made from them exhibit
improved air stability and higher power conversion

efficiencies (6.2% for PbSe15 and 7.2% for PbS17)
when compared to solar cells containing QDs fabri-
cated from the standard approach utilizing PbO.
The heterostructures prepared by the approach
described here could furthermore prove very useful
for enhancement of solar cell efficiencies through
harnessing MEG.27

METHODS

Materials. PbCl2 (99.999%), oleylamine (OLA, tech. grade,
70%), CdO (g99.99%), oleic acid (OA, tech. grade, 90%), 1-octa-
decene (ODE, tech. grade, 90%), selenium powder (99.99%),
trioctylphosphine (TOP, tech. grade, 90%), sulfur powder
(99.98%), ammonium sulfide (40�48 wt % in H2O), chloroform
(anhydrous, 99þ%), tetrachloroethylene (TCE,g99.9%), hexane
(95%), and ethanol (g99.5%) were purchased from Sigma-
Aldrich. Lead oxide (PbO, 99.99%) was purchased from Alfa
Aesar. All the chemicals were used as received.

Synthesis of CdS QDs. Small CdS QDs were synthesized follow-
ing the method developed by Robinson et al.50 but without
drying the sulfur precursor, while large CdS QDs were syn-
thesized via the method developed by Peng et al.51

CdS-311, -366. CdO (2.2 mmol, 0.28 g), 5.7 mmol OA (1.8 g),
and 8 g of ODE were heated at 260 �C for 20 min, then the
solution was cooled to 30 �C. Meanwhile, a solution of 80 μL
(360 μL for CdS-366) (NH4)2S aqueous solution with 10 mL of OLA
was prepared and stirred for 20 min. The (NH4)2S:OLA solution was
injected at 30 �C and the solution was stirred for 1 h without
heating. TheCdSQDswerewashed forone (forCdS-366) or two (for
CdS-311) times using hexane andethanol anddispersed in toluene.

CdS-404. CdO (1 mmol, 0.128 g), 3 mmol OA (0.942 g),
and 15 g of ODE were heated at 260 �C for 20 min, then the
temperature was set to 250 �C. A different S precursor wasmade
for this and following CdS QD syntheses by dissolving S powder
in ODE (0.5 M) at 130 �C. The S precursor (1 mL) was injected at
250 �C, and the solution was maintained at 240 �C for 20 min.
The CdS QDs were washed twice using hexane and ethanol and
dispersed in ODE.

CdS-425, -460. CdO (2 mmol, 0.256 g), 6 mmol OA (1.884 g),
and 15 g of ODEwere heated at 260 �C for 20min, then the tem-
peraturewas set to 265 �C. The S precursor (0.5M, 1mL, see CdS-
404) was injected at 265 �C, and the solution was maintained at
250 �C. About 13 min later, additional S precursor was added
dropwise until desired sizes were achieved. The CdS QDs were
washed twice using hexane and ethanol and dispersed in ODE.

Synthesis of CdS and CdSe NRs. CdS and CdSe nanorods were
synthesized following established methods5,52 and were dis-
persed in ODE or toluene depending on the temperature for
cation exchange (the higher temperatures used ODE).

Synthesis of PbS QDs from CdS QDs. Pb Precursor. OLA (5mL) and
PbCl2 (1.5 mmol) were heated at 140 �C for 30 min until a white
and turbid solutionwas achieved. Then, the solutionwas cooled
or heated to a desired temperature for the injection of CdS QDs.

PbS-570. The Pb precursor was cooled down to 30 �C and
5 mL of toluene was added; then, the solution was further
cooled to 5 �C using an ice bath. CdS-311 QDs (1mL, 22mg/mL)
were injected swiftly, and amixture of 5 mL of hexane and 3mL
of OA was injected immediately.

PbS-915. The Pb precursor was cooled down to 90 �C and
1 mL of CdS-366 in toluene (∼30 mg/mL) was injected swiftly.
Before the injection, the heating mantle was removed and the
solution was allowed to cool down naturally after the injection.
When the temperature reached 40 �C, 5 mL of hexane and 4mL
of OA were injected sequentially.

PbS-1032. The Pb precursorwas cooled down to 120 �C, and
1 mL of CdS-366 in ODE (∼58 mg/mL) was injected swiftly.
Twenty seconds later, the reaction was quenched by a water
bath, and 5mL of hexane and 4mL of OA were added at 70 and
40 �C respectively.

PbS-1318. The Pb precursor was heated to 190 �C, and 1mL
of CdS-425 in ODE (∼36 mg/mL) was injected swiftly. Twenty
seconds later, the reaction was quenched by a water bath, and
5 mL of hexane and 4 mL of OA were added at 70 and 40 �C
respectively.

PbS-1952. The Pb precursor was heated to 190 �C, and 1mL
of CdS-460 in ODE (∼20 mg/mL) was injected swiftly and
temperature was maintained at 180 �C. Twenty minutes later,
the reaction was quenched by awater bath, and 5mL of hexane
and 4 mL of OA were added at 70 and 40 �C, respectively.

The PbS QDs were washed 2�3 times using hexane and
ethanol. There was somewhite precipitation in the washed QDs
solutions, which can be removed by filtration.

Synthesis of CdSe and PbSe QDs. CdSe and PbSe QDs were
synthesized following our previous method.15

Partial Cation Exchange. Larger CdS and CdSe QDs, and rela-
tively low temperatures, were adopted to achieve partial
exchange.

CdS/PbS. CdS-460 QDs were used, and the size is 5.7 nm
estimated from the first exciton peak. The Pb precursor was
cooled down to 90 �C, and 1mLof CdS-460 inODE (∼20mg/mL)
was injected swiftly. The reaction flask was put in a water bath
right after the injection, and 8 mL of hexane and 4 mL of OA
were added at 70 and 40 �C, respectively.

CdS/PbS with Different Cd:Pb Ratio. CdS-458 QDs were used
and the size is 5.6 nm estimated from the first exciton peak. The
Pb precursor (10mLOLA and 3mmol PbCl2) was set to a desired
temperature and 5 mL of CdS-458 in toluene (∼10 mg/mL) was
injected swiftly. The reaction flask was put in a water bath right
after the injection, and 10 mL of hexane was injected immedi-
ately. OA (8 mL) was added at 40 �C.

CdSe/PbSe. CdSe-629 QDs were used, and the size is 6.2 nm
estimated from the first exciton peak. The Pb precursor was
cooled down to 100 �C, and 1mL of CdSe-629 in ODE (∼50 mg/
mL) was injected swiftly. The reaction flask was put in a water
bath right after the injection, and 8 mL of hexane and 4 mL of
OA were added at 70 and 40 �C, respectively.

Two-Step Synthesis of CdSe/PbSe. CdSe-580 QDs were used,
and the size is 3.8 nm estimated from the first exciton peak.
(I) The Pb precursor (PbCl2, 5 ml OLA) was cooled down to
60 �C by removing the heat, and 1 mL of CdSe-580 in ODE
(∼130 mg/mL) was injected swiftly. Five seconds later, the
reaction flask was put in a water bath, and 5 mL of hexane
and 4mL of OAwere added. The product waswashed two times
using hexane and ethanol and dispersed in ODE as the seeds for
the growth of PbSe. (II) PbO (0.125g), OA (0.5 g) and ODE (6g)
were heated at 150 �C for 20 min, and 0.5 mL seeds in ODE
(∼20 mg/mL) was injected at 150 �C which was maintained.
Fifteen seconds later, 0.25 mL of TOPSe (1 M) was injected. The
reaction was allowed to proceed for 2 min, and then, the heat
was removed to quench the growth. The product was washed
two times using hexane and ethanol in a glovebox.

Cation Exchange Based on CdS and CdSe NRs. CdSe NRs in toluene
(1 mL, ∼50 mg/mL) were injected into Pb precursor at 150 �C,
and 40 s later, the solution was cooled down using a water bath.
CdS NRs in ODE and toluene (1 mL, 15 mg/mL) were injected
into Pb precursor at 190 �C, and the temperature was main-
tained at 180 �C. Three minutes later, the solution was cooled
down using a water bath. To monitor the evolution of the
process in the cation exchange, CdSe NRs was injected at 80 �C
and the temperature was maintained. At different intervals,
aliquots of the reaction solution were withdrawn and dissolved
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in hexane containing 10% (in volume) OA. The aliquot nano-
crystals were washed and dissolved in TCE for measurements.

Cation Exchange Using ZnS QDs. ZnS QDs were synthesized
following Robinson's method50 without drying the sulfur pre-
cursor using molecular sieves. The ZnS QDs dispersed in ODE
were injected into the Pb precursor at 195 �C, and the tem-
perature was maintained for 90 s, followed by immersing the
flask in a water bath. Hexane (5 mL) and OA (4 mL) were added
at 80 and 40 �C, respectively.

Cation Exchange Using CdTe QDs. CdTe QDs (∼3 nm) were
synthesized via ref 53 but used tetradecylphosphonic acid
(TDPA) instead of OA to yield spherical QDs. Briefly, 0.4 g of
CdO, 1.87 g TDPA, and 63.5 g ODE were degassed with N2 and
heated to 260 �C until the solution turned clear. At this point,
2.2mLof 0.75M tributylphosphine telluride (TBP-Te)mixedwith
10 mL of ODE were injected in the solution. The reaction was
kept at temperature for 30 s (45 s for the larger ∼3.6 nm QDs),
taken off the heating mantle and allowed to cool naturally to
180 �C before immersing in a water bath. The CdTe QDs were
washed three times by dissolution/precipitation with hexane
and ethanol:isopropyl alcohol (1:1 ratio). Half of the reaction
productwas then dispersed in 2mL ofODE and injected into the
PbCl2/OLA mixture at 180 �C. The temperature was maintained
for 10 s, followed by immersing in a water bath. Hexane (10 mL)
and OA (4 mL) were added at 70 and 30 �C, respectively. The
resulting PbTe QDs were cleaned like the PbS QDs described
above.

Study of Optical Stability of PbS QDs. The PbS QDs dispersed in
hexane at a concentration of∼15 mg/mL were stored in a 4 mL
vial in air with the vial loosely capped. Some hexane was added
regularly to keep the amount of solvent constant. At dif-
ferent times, small amount of the QDs solution was dried and
the QDs were redispersed in TCE for the absorption and PL QY
measurements.

Characterization. Optical absorption spectra were collected
using a Shimadzu UV-3600 spectrophotometer. TEM images
were obtained using a FEI Technai G2 20 Twin microscope
with a LaB6 filament operated at 200 kV. XRD is performed
on a Bruker D8 Discover diffractometer using Cu KR radiation
(λ= 1.54 Å). The PLQYwasmeasured in a LabSphere integrating
sphere, with excitation provided by monochromatic light se-
lected from a xenon lamp passed through a monochromator
(PTI). The emission and excitation spectra were measured with
an InGaAs photodiode. The resulting InGaAs signal was ampli-
fied using a SRS SR530 lock-in amplifier. XPS data were obtained
on a Physical Electronics 5600 photoemission system using
monochromatic Al KR radiation. For the measurement of PL
spectrum of heterostructure, the emission in the range of
400�940 nm was collected by a silicon detector and the PL in
the range of 940�2000 nm was detected by an InGaAs photo-
diode, and then the two segments were merged.
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