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ABSTRACT: Emissive PbS/CdS core/shell nanosheets are synthesized
using a cation-exchange method. A signiﬁcant blue-shift of the
photoluminescence is observed, indicating a stronger quantum conﬁnement in the PbS core as its thickness is reduced. High resolution
transmission-electron-microscopy images of the cross sections of the
core/shell nanosheets show atomically sharp interfaces between PbS and
CdS. Accurate analysis of the thickness of each layer reveals the
relationship between the energy gap and the thickness in the extremely
one-dimensionally conﬁned nanostructure. Photoluminescence lifetime of the core/shell nanosheets is signiﬁcantly longer than
the core-only nanosheets, indicating better surface passivation.

Q

including SnTe,9,19 PbS,9−11 PbSe,8,9 and PbTe9,19 can be
turned into topological crystalline insulators through tuning the
thickness,9 exerting a strain,11 or applying an electric ﬁeld.10
These properties are mainly determined by size (quantum
conﬁnement), shape (anisotropy of spatial and dielectric
conﬁnement), and crystal heterostructures (strain). Creation
of thickness tunable core/shell 2D nanosheets can partially
address the challenges. A wet-chemistry synthesis of colloidal
nanosheets1,20−26 followed by cation exchange will create such
structures. The synthesized colloidal nanosheets are counterparts of the epitaxial quantum wells27 but are free-standing and
have low-cost (since no high-vacuum or high-temperature is
needed for the synthesis).28 In this Article, we report a facile
synthesis of emissive PbS/CdS core/shell nanosheets with
emphasis on the energy-gap tunability. We demonstrate that
the energy gap of the PbS core can be systematically tuned
from 0.75 to 0.93 eV through changing the reaction conditions.
The tunable energy gap, while combined with the strong spin−
orbit interaction in PbS, provides an opportunity to tune the
topological property of the material.8 High resolution transmission electron microscopy (HRTEM) images of the crosssection of the nanosheets show clear crystal interfaces between
PbS and CdS. It also provides an alternative method that can
precisely determine the thicknesses of the PbS core and the
CdS shell of the 2D heterostructure as well as the pure PbS
nanosheets, while avoiding the eﬀect of capping ligands or the

uantum conﬁnement is the origin of the novel
properties of quantum dots. However, three-dimensional conﬁnement also hinders the charge transfer among the
quantum dots, which limits the performance of the quantumdot-based electronic devices. In a two-dimensional (2D)
structure, the charges within the 2D plane have high charge
mobilities1,2 while the one-dimensional quantum conﬁnement
is retained in the thickness direction. Consequently, the tunable
optical properties and the high charge mobility are uniﬁed in a
single structure. Among the artiﬁcial 2D materials, IV−VI
nanosheets are particularly interesting. Due to the large exciton
Bohr radii in lead salts, strong quantum conﬁnement can be
easily achieved.3 The small energy gaps of the IV−VI
semiconductors are also optimal to exploit carrier multiplication
in solar cells. As recently demonstrated in colloidal PbS
nanosheets,4 2D structures of these materials can increase
carrier multiplication eﬃciency which correlates with the
enhanced electron−hole Coulomb interaction5 in the anisotropic structure. In addition, the spin−orbital coupling is strong
in IV−VI materials.6,7 When it interplays with quantum
conﬁnement in the 2D structure, a new class of material,
topological crystalline insulators, can be created.8 These
materials have surface states that exhibit linear dispersion
with a single Dirac cone, and charge transfer in the surface
states is protected against backscattering by crystal symmetry.9−11 These surface states can be more easily observed in 2D
structures due to their large surface-to-volume ratio.12−16 These
novel properties are critical for low-dissipation devices,
superconductors, and quantum computers.17,18 So far, theoretical work has predicted that a series of 2D IV−VI materials
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ﬁtting errors in the thickness determination using atomic-force
microscopy4,29 or X-ray diﬀraction.4,21 It will help to resolve a
debated problem, the energy gap dependence on the thickness
of the nanosheets, which is partially due to the diﬃculty in
measuring the thickness accurately.4,21,29 Photoluminescence
lifetime of core/shell nanosheets is signiﬁcantly longer than the
core-only nanosheets, indicating a better surface passivation.
The core/shell structures with improved surface properties are
important for further multiple-exciton-generation study. The
strain introduced at the interface of PbS and CdS alters the
electronic structure of PbS and may create a topological
crystalline insulator as theoretically predicted.
The synthesis of PbS nanosheets (Supporting Information
A) is based on the methods invented by Weller’s group21 and
developed by others.1,29 After PbS nanosheets are synthesized
and puriﬁed, a cation-exchange method30,31 is used to exchange
the outer layer Pb ions with Cd ions to form a CdS shell
surrounding the PbS core. In brief, cadmium oxide is mixed
with oleic acid and heated under nitrogen to form cadmium
oleate, which is then mixed with PbS nanosheets for the cationexchange reaction. The reaction is stopped by adding cold
hexane. The ﬁnal solution is washed twice with toluene and
ﬁnally dispersed in toluene (Supporting Information A). This
method does not change the overall thickness of the nanosheets
but rather reduces the thickness of PbS core (Figure 1a).

standing on edge so that the cross sections of the nanosheets
can be imaged using HRTEM. To achieve this goal, smalllateral-size nanosheets having a width of around 20 nm are
synthesized using a modiﬁed procedure (Supporting Information A). The narrow width of the nanosheet makes it easy for
them to stand up on the TEM substrate (Figure 2a). The

Figure 2. (a) TEM image of PbS nanosheets showing both standingup and lying-down nanosheets. (b) The HRTEM image of one
standing-up nanosheet shows a single-crystalline structure with 12
layers of atoms in the thickness direction. (c) Diagram showing the
arrangement of the atoms viewed in the ⟨110⟩ direction of the crystal.
(d) In the thickness direction, the spacing between the neighbor atoms
a is 0.297 nm, while in the orthogonal direction, the spacing between
the neighbor atoms b is 0.42 nm. The angle α is about 55°.

HRTEM image (Figure 2b) shows an array of dots which is the
projection of the atoms in the nanosheets onto the substrate.
This image reveals that the surfaces of the nanosheets are nearly
atomically ﬂat. The standing-up PbS nanosheets show a singlecrystal structure with 12 atomic layers in the thickness
direction. The thickness can be calculated by multiplying the
lattice constant of PbS (c = 0.594 nm) by the multiple of lattice
constant the thickness spans (5.5), resulting in a thickness
determination in this case of 3.27 nm. This thickness matches
that obtained (3.3 ± 0.1 nm) using the calibrated HRTEM
instrument (Supporting Information E). The dependence of
the energy gap on the thickness of the PbS nanosheets is still
under debate,4,21,29 partially due to the diﬃculty of the
thickness measurements. Since the nanosheets can be prepared
standing-up on the substrate, their thickness can be accurately
measured without ambiguity.
All of the observed cross sections of the nanosheets show the
same facet as in Figure 2b. For the projection of {110} facet of
PbS crystal (Figure 2d), the spacing between neighbor atoms in
the ⟨001⟩ direction is a = c/2 = 0.297 nm, while the spacing
between the neighbor atoms (within the same plane) in the
orthogonal direction ⟨110⟩ is b = c/√2 = 0.420 nm. The angle
α (Figure 2d) between the line of the same atoms and ⟨110⟩
direction is then 55° (Supporting Information F). All of the
parameters a, b, and α as measured using HRTEM (Figure 2c)
match up with the calculated results above. This conﬁrms the
observed surface of the nanosheet edge has a {110} facet and
the top/bottom surfaces of the nanosheet have a {001} facet.
This result is consistent with the earlier 2D oriented attachment
model21 for the growth mechanism of 2D PbS nanosheets; i.e.,

Figure 1. (a) Scheme showing the process of cation exchange for the
PbS/CdS structure. The overall dimension of the sheet remains the
same while the out-layers of the material turn into CdS. (b)
Photoluminescence spectra from the nanosheets before (open circles)
and after (solid circles) cation exchange showing the shift of the peak
from 1760 to 1520 nm. (c) TEM image of the stacked original PbS
nanosheets. Each nanosheet has a lateral size of a few hundred
nanometers. (d) TEM image of the stacked nanosheets after cation
exchange showing a similar morphology as in (c).

The transmission electron microscopy (TEM) images
(Figure 1c,d) and secondary-electron images (Supporting
Information B) show that the morphology of the nanosheets
remains the same after cation exchange. However, there is a
signiﬁcant blue-shift (Figure 1b) of the photoluminescence
(Supporting Information C), indicating the decrease of the
thickness of the PbS core. Further energy-dispersive X-ray
spectroscopy measurements show a clear Cd peak after cation
exchanges (Supporting Information D).
To learn the details of the heterostructure formed in PbS/
CdS nanosheets, it is essential to prepare the nanosheets
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The PbS/CdS nanosheets ﬂuoresce in the infrared as the
original PbS nanosheets,29 in contrast to nonemissive ZnSe/
ZnS and PbSe/PbS core/shell nanoplatelets.34 Those nanoplatelets were created using two-step cation-exchange: CdSe/
CdS to Cu2Se/Cu2S and then to ZnSe/ZnS or PbSe/PbS. The
excess trap sites formed by the residue copper atoms were
thought to quench the photoluminescence.34 Our emissive
nanosheets help to determine the optical energy gap, since the
Stokes’ shift is negligible for PbS nanosheets29 as well as for
PbS/CdS nanosheets (Supporting Information H). The
photoluminescence of the core/shell nanosheets shows a
signiﬁcant blue-shift as compared with the original PbS
nanosheets (Figure 4a), indicating stronger quantum conﬁne-

the PbS quantum dots attach to each other through {110}
facets, resulting in {110} facets at the edges of the nanosheets.
The same PbS nanosheets are used to synthesize PbS/CdS
core/shell nanosheets. After cation exchange, the core/shell
nanosheet shows atomically sharp interfaces between PbS and
CdS (Figure 3). The PbS core has about 8 atomic layers,

Figure 3. HRTEM image showing sharp interfaces between the PbS
core and the CdS shell. The crystal structure of the CdS shell is similar
to the PbS core. The lines are to guide the eyes to the array of atoms,
making an angle α unique to the {110} facet.

Figure 4. (a) The photoluminescence peak shifts from 0.75 to 0.80 eV
after cation exchange for 3 min at 100 °C. It shifts to 0.83 eV after 15
min. After that, longer reaction times (60 and 120 min) do not shift
the peak more but stabilize it between 0.84 and 0.85 eV. Further
increase of the reaction temperature to 150 °C shifts the peak to 0.93
eV after an additional 60 min cation exchange. (b) Comparison of the
energy-gap of the nanosheets (solid dots), the nanosheet model
developed earlier (solid line)29 and PbS quantum dots (dashed line).35
The arrow indicates the data from PbS/CdS core/shell nanosheets
obtained through cation exchange from the 3.3 nm thick PbS
nanosheets (the rightmost dot).

indicating ∼2 atomic layers of PbS have been turned into CdS
on each side of the nanosheet, reducing the thickness of the
PbS core to 2.1 nm as measured with HRTEM (Supporting
Information E). The HRTEM image (Figure 3) of the crosssection of the PbS/CdS nanosheet shows a {110} facet as in the
original PbS nanosheet (Figure 2c). At some locations, the
crystal structure of the CdS shell remains nearly the same as the
PbS core as in the case of core/shell PbS/CdS quantum dots,32
while it appears amorphous at other locations (Figure 3). The
PbS/CdS heterostructure is clearly revealed by the sharp
contrast in the HRTEM image, which is due to the high atomicweight ratio Pb/Cd.
At the {100} facets (top/bottom surfaces) of the PbS
nanosheet, the interfaces between PbS and CdS are nearly
atomically ﬂat, indicating that the cation exchange occurs
uniformly from the surface into the bulk of the nanosheet. This
diﬀers from what was observed in PbSe/CdSe nanorods,33 for
which a zigzag-shaped core terminated by {111} interfaces
formed. The reaction temperature is believed to play a key role
in achieving uniform cation exchange. On the other hand,
smaller surface to volume ratios in 2D sheets in contrast to 1D
nanorods likely favor a uniform cation-exchange. Similar work
by Dubertret and co-workers demonstrated that ﬂat interfaces
formed after cation-exchanges in PbSe/PbS, CdSe/CdS, and
ZnSe/ZnS nanoplatelet.34 At the {110} facets (edge surfaces)
of the PbS nanosheet, the CdS shells are signiﬁcantly thicker
than the shells at {100} facets and the PbS/CdS interface is less
sharp (Figure 3), which is likely due to the high reactivity of the
{110} facets.21
The element mapping of the vertically aligned PbS/CdS
core/shell nanosheets shows the same image for Pb, Cd, and S
elements, and each of them overlaps with the high-angleannular-dark-ﬁeld image (Supporting Information G). It reveals
that the cation exchange occurs nonselectively. At this time, the
resolution of the element mapping is not high enough to map
out the elements layer by layer, but the element analysis over
the ensemble of the nanosheets shows the molar ratio of lead
(Pb) to cadmium (Cd) is around 2.4:1 (Supporting
Information G). It is consistent with the HRTEM analysis:
around 8 layers of PbS versus 4 layers of CdS.

ment due to the decrease of the core thickness after cation
exchange. At 100 °C reaction temperature, the photoluminescence shift mainly occurs within 15 min after reaction.
The shift is small beyond 15 min, indicating that the cationexchange process is self-limiting at a certain reaction temperature (Figure 4a). However, increase of the reaction temperature can further the cation exchange, resulting in more blueshift of the photoluminescence peak (Figure 4a). So far, we
have achieved tunability of the photoluminescence peak in
PbS/CdS core/shell nanosheets from 0.75 to 0.93 eV,
corresponding to the wavelength range from 1333 to 1653
nm. For the small-lateral-size PbS nanosheets, the optical
energy gaps obtained from photoluminescence spectroscopy
and the thicknesses obtained using HRTEM are plotted
together in Figure 4b. The data points are slightly above the
ﬁtting curve obtained previously.29 The slightly larger energy
gap is likely due to the additional conﬁnement in the width
direction since the width of the nanosheets is about 20 nm
which is close to the exciton Bohr radius of PbS. After cation
exchange, the decrease of the PbS thickness results in a larger
energy gap. The relationship between the energy gap and the
thickness is consistent with these obtained from core-only PbS
nanosheets (Figure 4b). As expected, the conﬁnement energy
in either the PbS nanosheets or PbS/CdS core/shell nanosheets is much less than in quantum-dots with the diameter
equal to the thickness of the nanosheets. This is mainly due to
the diﬀerence of 3D conﬁnement (QDs) and 1D conﬁnement
(nanosheets).29
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nanocrystals.32 It is expected that the strain also exists in
PbS/CdS core/shell nanosheets, which will alter the electronic
structure of the core, providing an additional parameter to tune
the topological properties of the nanosheets.37 However, the
strain eﬀect is only signiﬁcant at the PbS layers which are close
to the PbS/CdS interface. We expect to see the eﬀect when the
PbS core has only one to two atomic layers. The range of the
thickness tunability shown earlier has not yet reached that
region, so the electronic structure of PbS is still mainly
determined by the thickness.
In summary, a facile synthesis of PbS/CdS core/shell
nanosheets is developed. The core/shell heterostructure
synthesized using cation-exchange methods has an increased
energy gap and a longer photoluminescence lifetime. Proper
preparations of standing-up nanosheets enable accurate
characterizations of the core/shell crystal structures as well as
their thicknesses. The HRTEM reveals that the interface
between PbS and CdS is nearly atomically ﬂat. It is expected
that this method can be used to create thinner (less than 8
atomic layers) PbS sheets capped by CdS using thinner original
PbS nanosheets and/or adjusting the reaction conditions. In
these extremely thin core/shell nanosheets, novel electronic
properties (e.g., topological properties) may occur as
theoretically predicted. On the other hand, the improved
optical properties are also important for further studies on the
exciton dynamics in the 2D materials.

The average thickness of the PbS core (so is the CdS shell)
can be precisely tuned by the reaction conditions. The accuracy
of the thickness, as can be derived from the photoluminescence
peak (Figure 4), reaches a subnanometer level.
At a higher reaction temperature (150 °C), thinner (2.1 nm)
PbS nanosheets can be nearly completely turned into CdS
nanosheets. The photoluminescence peak around 1540 nm
corresponding to the original PbS nanosheets disappears
completely but a peak at 430 nm appears. Energy-dispersive
X-ray spectroscopy conﬁrms the amount of Pb in the product is
negligible (Supporting Information I).
Creation of the core/shell structure also increases the lifetime
of the photoluminescence (Supporting Information J) from the
PbS core. The decay of the photoluminescence intensity from
the nanosheets is not single-exponential. The 1/e photoluminescence intensity occurs at 4 and 7 ns for PbS nanosheets
and PbS/CdS nanosheets, respectively (Figure 5). The nearly
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Figure 5. Photoluminescence lifetimes of the PbS (solid circles) and
PbS/CdS (open circles) nanosheets. Each lifetime is measured at the
peak intensity of the photoluminescence, 0.75 eV for PbS nanosheets
and 0.83 eV for PbS/CdS nanosheets. The solid lines passing through
the data points are the ﬁtting curves. The system response function
(SRF) is also shown.

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemmater.6b01232.
Synthesis procedures for PbS nanosheets and PbS/CdS
core/shell nanosheets; secondary-electron microscopy
images of nanosheets; photoluminescence measurements; energy-dispersive X-ray spectroscopy; thickness
measurements; geometry of the {110} facet of PbS;
STEM and element mapping; Stokes’ shift; complete
transformation of PbS nanosheets; photoluminescence
lifetime measurements (PDF)

doubled decay time in the core/shell nanosheets is likely due to
a better surface passivation of the PbS core after cation
exchange, instead of type II heterostructure (Supporting
Information K). It is consistent with the improved photoluminescence intensity (normalized to absorption) from the
core/shell nanosheets (Supporting Information L). Aging of
the PbS nanosheets in toluene was demonstrated recently to
improve the photoluminescence eﬃciency by an order of
magnitude.36 The mechanism in this experiment is diﬀerent,
but both methods have signiﬁcantly improved the optical
properties of the nanosheets. The photoluminescence decay
can be ﬁtted well using double exponential functions, yielding a
fast decay of 2.9 ns (core only) and 4.9 ns (core/shell) and a
slow decay of 30 ns (core only) and 51 ns (core/shell). The
nature of the double-exponential decay of the photoluminescence intensity is still under investigation. In contrast
to PbS quantum dots, PbS nanosheets and their core/shell
structures have much shorter photoluminescence lifetimes. It is
likely that the reduced dielectric screening in the 2D structure
shortens the lifetime, as demonstrated by Ithurria and coworkers on CdSe nanoplatelets.26 Surface defects can also
shorten the photoluminescence lifetime by creating nonradiative decay channels. However, their eﬀect can be reduced
by surface-passivation methods, among which creating a CdS
shell on the PbS core is an eﬀective one, as demonstrated
above.
It has been demonstrated that the strain between the PbS
core and the CdS shell exists in PbS/CdS core/shell
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