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ABSTRACT: Stoichiometric Cu2Se nanocrystals were synthe-
sized in either cubic or hexagonal (metastable) crystal
structures and used as the host material in cation exchange
reactions with Pb2+ ions. Even if the final product of the
exchange, in both cases, was rock-salt PbSe nanocrystals, we
show here that the crystal structure of the starting nanocrystals
has a strong influence on the exchange pathway. The exposure
of cubic Cu2Se nanocrystals to Pb2+ cations led to the initial
formation of PbSe unselectively on the overall surface of the
host nanocrystals, generating Cu2Se@PbSe core@shell nano-
heterostructures. The formation of such intermediates was
attributed to the low diffusivity of Pb2+ ions inside the host
lattice and to the absence of preferred entry points in cubic
Cu2Se. On the other hand, in hexagonal Cu2Se nanocrystals, the entrance of Pb

2+ ions generated PbSe stripes “sandwiched” in
between hexagonal Cu2Se domains. These peculiar heterostructures formed as a consequence of the preferential diffusion of Pb2+

ions through specific (a, b) planes of the hexagonal Cu2Se structure, which are characterized by almost empty octahedral sites.
Our findings suggest that the morphology of the nanoheterostructures, formed upon partial cation exchange reactions, is
intimately connected not only to the NC host material, but also to its crystal structure.

■ INTRODUCTION

Postsynthetic transformations of nanocrystals (NCs) have
emerged as a powerful approach for the fabrication of complex
nanomaterials with controlled architectures or composition.1−5

Among them, cation exchange (CE) reactions in solution have
been increasingly exploited as an efficient synthetic means for
preparing nanoheterostructures (NHs) that would be inacces-
sible otherwise, or even metastable materials with unique
composition and morphology.6−9 Also, over the last couple of
years, CE reactions have been observed to take place in the
solid state when different nanostructures were heated up in the
high vacuum environment of a transmission electron micro-
scope (TEM).10−12 The knowledge accumulated so far on CE
reactions has enabled, this last year alone, the synthesis of new
types of NHs, such as CdS nanowires covered by a monolayer
of MoS2,

13 Cu2S-decorated CdS nanorods (NRs),14 and new
core@shell NC systems such as Mn3O4@CoMn2O4−CoxOy,

15

Ag−Zn−In-S@ZnS,16 and SnTe@CdTe.17−20 Moreover, the
number of new NC materials that can be accessed by CE with
control over the shape,21−25 crystal structure,26 and composi-
tion27−34 has also increased significantly. In turn, these
advanced nanostructures have found application in many

different fields such as bioimaging,16,20,28,30,35 chemical
sensing,30 supercapacitors,21 electro- or photocatalysis,14,15

and spintronic or optoelectronic devices.13,23,32

The latest studies have emphasized how a fine-tuning of the
composition, crystal structure, morphology, and thus, the
properties of nanostructures synthesized by CE reactions, can
be attained only when the kinetics or the mechanisms that
underly a specific transformation are better under-
stood.6,14,16,31,34,36−41 We recently demonstrated, for example,
how the valence and the coordination number of the entering
cations (also called guest cations) influence the CE reaction
pathways in NCs, leading to different possible NHs by partial
CE.42,43 However, from a mechanistic point of view, some
aspects of CE reactions must still be investigated. For example,
it is not clear yet how the ligands on the surface of host NCs
exactly influence the entrance of guest cations or the release of
host ions during a CE reaction.6,8

In this work, we have investigated how the crystal structure
of a host NC material influences its CE reaction, an aspect that
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has also remained not much explored to date. The system
studied here involves the exchange between Cu2Se NCs, as the
host lattice, and Pb2+ ions as guest cations. Cu2Se NCs were
chosen as a case study material for two main reasons: (i) it is
possible to synthesize Cu2Se NCs in both cubic and hexagonal
(metastable) crystal structures; (ii) copper chalcogenide NCs
are a relatively well studied host material for CE reactions
because Cu+ cations can be easily replaced with harder Lewis
acids (e.g., Zn2+, In3+, Sn2+, Sn4+, Ag+, and Cd2+) by employing
soft Lewis bases like alkyl phosphines.6 Reactions involving
Cu2Se NCs and Pb

2+ ions, in comparison, are much less studied
(one notable case is represented by PbSe-PbS heterostructures
synthesized from Cu2Se−Cu2S NHs).44−46

The main findings of our work are the following: in the case
of cubic Cu2Se NCs, the reaction started unselectively from the
surface of the NCs, gradually proceeding toward the core, and
producing, as intermediate structures, Cu2Se@PbSe core@shell
NHs (see Scheme 1, upper panel). This conformed to the low

diffusivity of the Pb2+ ions along any crystallographic direction
of the cubic Cu2Se phase. Instead, in the case of hexagonal
Cu2Se NCs, the Pb2+ ions entered the host NCs through
specific lattice planes (002 planes) leading to Cu2Se/PbSe
striped NHs as intermediate structures (see Scheme 1, lower
panel).
This peculiar behavior is rationalized by considering that,

along these planes, the Pb2+ ions can move almost undisturbed
by hopping through octahedral (Oh) sites that are almost
entirely vacant, a unique feature of the metastable hexagonal
Cu2Se structure. The peculiarity of such heterostructures is that
in each NC the product PbSe stripe is located in between two
Cu2Se domains. This is markedly different from CE reactions
reported so far, in which the newly formed material grew by
enchasing or “sandwiching” the host material.6 The different
transformation mechanisms characterizing the two cases, in
turn, led to different total exchanged PbSe NC samples.
Starting from cubic Cu2Se NCs as the host material,
monocrystalline defect-free rock-salt (rs) PbSe NCs were
produced. On the other hand, when exposing hexagonal Cu2Se
NCs to Pb2+ ions, the resulting rs-PbSe NCs were also
monocrystalline, but in many cases exhibited twin boundaries.
The present study highlights the importance of the crystal

structure of the host lattice in nanoscale CE transformations, as
this can directly influence the ion exchange pathways. In fact,
our results demonstrate how the phase of starting NCs can play
a fundamental role not only in accessing a specific nano-
heterostructure by partial CE, but also has a profound impact

on the crystalline quality of product NCs in the case of total
CE.

■ EXPERIMENTAL SECTION
Chemicals. Cadmium oxide (CdO, 99.5%), trioctylphosphine

oxide (99%), trioctylphosphine (TOP, 97%), selenium powder (Se,
99.99%), and lead(II) acetate trihydrate (Pb(CH3CO2)2·3H2O,
99.999%) were purchased from Strem Chemicals. Octadecylphos-
phonic acid (99%) was purchased from Polycarbon Industries.
Copper(II) acetylacetonate (Cu(acac)2, 97%), hexadecylamine
(98%), tetrakis(acetonitrile)copper(I) hexafluorophosphate
(99.99%), octadecene (technical grade, 90%), 1-dodecanethiol
(≥98%), oleylamine (70%), tetrachloroethylene (≥99%), anhydrous
chloroform, methanol, toluene, and tetrahydrofuran were purchased
from Sigma-Aldrich. All chemicals were used without any further
purification.

Synthesis of Cubic Cu2−xSe NCs. The synthesis of cubic Cu2−xSe
NCs was adapted from the work of Li et al.47 The copper precursor
(CuCl, 99 mg) was mixed with hexadecylamine (HDA, 1 g) and
octadecene (5 mL) in a three-neck flask and degassed at 130 °C for 1
h. The system was then put under N2 flux and the temperature was set
to 300 °C. The selenium precursor (3 mL of a 0.5 M solution of
selenium powder dissolved in oleylamine) was injected when the
reaction solution reached 300 °C. After 10 min from the injection, the
flask was cooled down to room temperature, and 3 mL of chloroform
was added. The NCs were washed by precipitation upon addition of
ethanol followed by redispersion in toluene.

Reduction of Cubic Cu2−xSe into Cu2Se NCs. The reduction of
the as-synthesized cubic Cu2−xSe NCs was done following a procedure
that we recently published.48 Cu(acac)2 (262 mg, 1 mM) was mixed
with 1.5 mL of 1-dodecanethiol, 3 mL of oleylamine, and 4.5 mL of
octadecene in a three-neck round-bottom flask, and the resulting
solution was degassed under vacuum and vigorous stirring at 60 °C for
1 h. Then the flask was filled with nitrogen, and the temperature was
raised to 120 °C to dissolve the copper precursor. Thereafter, the
temperature was lowered to 100 °C, and 2.5 mL of TOP was injected
followed by subsequent addition of the crude reaction mixture of
Cu2−xSe NCs. The resulting mixture was maintained for 20 min at 100
°C, and it was subsequently cooled down to room temperature. The
NCs were separated by centrifugation, dispersed in toluene, and
precipitated with the addition of ethanol.

Synthesis of Hexagonal Cu2Se NCs. Hexagonal Cu2Se NCs
were prepared by CE starting from wurtzite (wz) CdSe NCs. The
latter were synthesized following the procedure reported by Carbone
et al.49 The cadmium precursor (CdO, 60 mg) was mixed with
octadecylphosphonic acid (OPA, 290 mg) and trioctylphosphine oxide
(TOPO, 3 g) in a three-neck flask and degassed at 130 °C for 1 h. It is
important to underline here that we deliberately avoid the addition of
hexylphosphonic acid in the reaction mixture as this surfactant is
known to favor a rod-like morphology in wz-CdSe.50 The flask was
then filled with N2, and the temperature was set to 300 °C, to allow
the complete dissolution of the cadmium precursor. After the addition
of TOP (1.9 mL), the temperature was increased to 380 °C, the value
at which the selenium precursor (58 mg of selenium powder dissolved
in 500 mg of TOP) was injected. The NCs were allowed to grow for
10 min. Then the flask was cooled down to room temperature, and 3
mL of toluene were added. The particles were precipitated by addition
of ethanol and redispersed in toluene. The cleaning procedure was
repeated twice.

The as-synthesized CdSe NCs were then transformed into Cu2Se
NCs following the CE procedure reported by Sadtler et al.51 CdSe
NCs (with a concentration of 0.005 mmol of Cd2+) were dispersed in
0.2 mL of toluene in a vial. Then the copper precursor solution (0.025
mmol of tetrakis(acetonitrile)copper(I) hexafluorophosphate, dis-
solved in 1 mL of methanol) was added. After few seconds, the
NCs were precipitated by centrifugation and, eventually, redispersed in
toluene.

CE Reactions between Cu2Se NCs and Pb2+ Ions. All the CE
reactions were performed in a N2-filled glovebox at room temperature.

Scheme 1. Cation Exchange Reaction between Either Cubic
or Hexagonal Cu2Se NCs and Pb2+ Cations
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In a typical CE reaction, a desired amount (see Table 1) of a 0.1 M
methanolic stock solution of the Pb precursor (Pb(OAc)2·3H2O) was

diluted with 0.5−1 mL of methanol and mixed with 1 mL of
tetrahydrofuran, 0.5 mL of TOP, and 0.2 mL of Cu2Se NCs in toluene
(Se content = 0.025−0.03 mM). After the mixture was stirred, the
resulting NCs were precipitated by centrifugation and were
redispersed by addition of 1−2 mL of toluene. The NCs were further
washed by addition of 2 mL of methanol to remove the excess of
cation precursors and were precipitated by centrifugation. Eventually,
the cleaned NCs were dispersed in toluene and stored in a N2-filled
glovebox. Note that to allow a complete CE, a large excess of Pb-
precursor (Pb/Se ≈ 40) was used (2 mL of a 1.3 M methanolic stock
solution).
Transmission Electron Microscopy (TEM) Characterization.

Bright field TEM (BF-TEM) imaging was performed on a JEOL JEM-
1011 microscope equipped with a thermionic gun operating at 100 kV
accelerating voltage. For these analyses, the samples were prepared by
dropping dilute suspensions of NCs onto carbon coated 200 mesh
copper grids. High-resolution TEM (HRTEM) imaging, high-angle
annular dark field (HAADF)-scanning TEM (STEM) imaging, and
energy-dispersive X-ray spectroscopy (EDS) analyses were carried out
with a JEOL JEM-2200FS microscope equipped with a Schottky
emitter working at an accelerating voltage of 200 kV, a CEOS spherical
aberration corrector for the objective lens, and a Bruker Quantax 400
system with a 60 mm2 XFlash 5060 silicon drift detector (SDD). For
these latter analyses, the NC suspensions were drop-cast onto carbon
coated gold grids. The EDS spectra were quantified using the Cliff-
Lorimer method for the Cu Kα, Se Kα, Pb Lα peaks, and the reported
STEM-EDS maps were obtained by integrating the intensities over the
same peaks. In HAADF, an inner cutoff angle above 100 mrad was
used to enhance the chemical contrast and to reduce possible coherent
effects on the contrast due to strain or defects.
X-ray Diffraction (XRD) Measurements. The XRD analysis was

performed on a PANalytical Empyrean X-ray diffractometer equipped
with a 1.8 kW CuKα ceramic X-ray tube and PIXcel3D 2 × 2 area
detector, operating at 45 kV and 40 mA. Specimens for the XRD
measurements were prepared in a glovebox by dropping a
concentrated NCs solution onto a quartz zero-diffraction single crystal
substrate. The diffraction patterns were collected in air at room
temperature using a parallel beam geometry and symmetric reflection
mode. XRD data analysis was carried out using HighScore 4.1 software
from PANalytical. The Le Bail fit of the XRD pattern was performed
using the Fox program.52,53

Elemental Analysis. The elemental analysis was carried out via
inductively coupled plasma optical emission spectroscopy (ICP-OES)
on a iCAP 6000 Series ICP-OES spectrometer (ThermoScientific). In
a volumetric flask, each sample was dissolved in aqua regia (HCl/
HNO3 3:1 (v/v)) and left overnight at room temperature to
completely digest the NCs. Afterward, Milli-Q grade water (18.3
MΩ cm) was added to the sample. The solution was then filtered
using a polytetrafluorethylene (PTFE) membrane filter with 0.45 μm
pore size. All chemical analyses performed by ICP-OES were affected
by a systematic error of about 5%.
Optical Absorption Measurements. Optical absorption meas-

urements were carried out using a Varian Cary 5000 UV−vis-NIR
spectrophotometer and 1 cm path length quartz cuvettes. A dilute
dispersion of NCs in tetrachloroethylene, which ensures no
interference from the solvent in NIR extinction measurements, was

prepared inside a nitrogen filled glovebox. The chemical composition
of the ligand shell was characterized by an attenuated total reflectance
accessory (MIRacle ATR, PIKE Technologies) coupled to a Fourier
transform infrared (FTIR) spectrometer (Equinox 70 FT-IR, Bruker).
The measurements on the dried samples were conducted within
4000−600 cm−1 range with a resolution of 4 cm−1 and 128 repetitive
scans averaged for each spectrum.

Computational Modeling. Density functional theory (DFT)
calculations were performed on bulk models of hexagonal stoichio-
metric Cu2Se using the primitive unit cell and two sets of fractional
coordinates as described in Table S1 of the Supporting Information
(SI). We used the Perdew−Burke−Enzerhof54 functional, ultrasoft55

pseudopotentials for all elements, and the pwscf code.56 Respectively,
30 and 240 Ryd were used as cutoff for the plane waves and charge
density. A Monkhorst−Pack 6 × 6 × 3 mesh was used for Brillouin
zone sampling. Geometry optimization was carried out up to a largest
force of 0.0001 atomic units.

■ RESULTS AND DISCUSSION

Colloidal Cu2Se NCs with either cubic or hexagonal crystal
structure were synthesized with similar size and stoichiometry
and used as host material for CE reactions with Pb2+ ions. In
both cases, as it will be shown below, the starting NCs were
purposely produced with an aspect ratio as close to unity as
possible to minimize shape effects and to avoid the presence of
high energy surface defects, which typically characterize
anisotropic NCs.6 As a matter of fact, CE reactions in NCs
with a high aspect ratio, like NRs and nanoplatelets, have been
shown to start at specific preferential sites such as the tips of the
rods or the lateral facets of the platelets.51,57−61

Cubic Cu2−xSe NCs were synthesized, following a procedure
reported by Li et al.,47 with a cuboctahedral shape and a mean
size of 10.4 ± 1.3 nm, as shown in the TEM image of Figure S1
of the SI. The crystal structure of such NCs well matched with
that of cubic Cu2−xSe berzelianite (ICSD card no. 98−004−
1140) as evidenced by our XRD analysis (see Figure 1c). The
mean composition of copper selenide NCs, measured by ICP
elemental analysis, was typically in the range of Cu1.75Se to
Cu1.78Se, evidencing a substoichiometry in copper, distinctive of
this material.24,42,47,48,62,63 Cu vacancies in copper chalcoge-
nides are known not only to favor the diffusion of cations,
boosting CE reactions, but also to offer guest cations random
entry points.48,64 To focus on the effects of the crystal structure
of the host NCs in CE reactions, and to avoid the influence of
other parameters, such as the presence of Cu vacancies, the
cubic Cu2−xSe NCs were transformed to stoichiometric Cu2Se.
This was done by the incorporation of additional Cu+ ions in a
reducing environment, following a procedure recently
published by us.48 The elemental analysis confirmed that the
transformed copper selenide NCs had a Cu/Se ratio around 2:1
while preserving the same size, shape and, most important, the
cubic crystal structure of the starting Cu2−xSe NCs (see Figure
1a,c). As expected, the insertion of Cu+ ions led to a small
expansion of the lattice parameters, which increased from 5.694
Å in Cu2−xSe NCs to 5.746 Å in Cu2Se ones (evidenced by the
small shift of the XRD peaks toward lower 2theta angles, see
Figure 1c). Another proof of the change in stoichiometry, that
follows the reduction process, was given by the optical features
of Cu2−xSe and Cu2Se NCs: the localized surface plasmon
resonance at about 1100 nm, arising from the presence of Cu
vacancies in substoichiometric Cu2−xSe NCs, disappeared in
Cu2Se NCs (see Figure S2 of the SI).
With the aim to compare hexagonal and cubic Cu2Se NC

systems, it was of utmost importance to start from NCs having,

Table 1. Synthetic Parameters Used in CE Reactions with
Pb2+ Ions and the Composition of the Corresponding
Products

sample Pb/Se feed ratio reaction time final composition

cubic Cu2Se 40:1 48 h Cu0.11Pb1.02Se
1:2 30 min Cu1.18Pb0.54Se

hexagonal Cu2Se 40:1 overnight Cu0.07Pb1.02Se
1:2 30 min Cu0.92Pb0.58Se

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b03706
J. Am. Chem. Soc. 2017, 139, 9583−9590

9585

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b03706


as mentioned above, comparable size and shape. As Cu2Se does
not crystallize in a hexagonal phase, metastable hexagonal
Cu2Se NCs could be synthesized only via CE from wz-CdSe
NCs, as we reported in our previous works.64,65 On the other
hand, driven by the intrinsic anisotropy of the wurtzite
structure, CdSe NCs typically tend to grow along the c axis
forming rod-like structures rather than spherical NCs.50 To
overcome this potential issue, we adopted the procedure
reported by Carbone et al.49 with minor modifications (see the
Experimental Section for details), which delivered nearly
monodisperse wz-CdSe NCs with a size of 10.0 ± 1.2 nm
and an aspect ratio of 1.18 (see Figure S3 of the SI). After the
complete replacement of Cd2+ with Cu+ cations, the resulting
copper selenide NCs retained the size and shape of parent
CdSe NCs, and they had the expected metastable “chalcocite-
like” hexagonal structure, as confirmed by our XRD analysis
(see Figure 1b,d, Figures S3a and S4 of the SI).65 As assessed
by ICP elemental analysis, the hexagonal Cu2Se NCs were
stoichiometric, and they did not show any localized surface
plasmon resonance (see Figure S2 of the SI).
It is worth mentioning that cubic and hexagonal Cu2Se NCs

were characterized by a different ligating environment as a
consequence of the diverse synthetic approaches adopted for
their synthesis. More specifically, the cubic Cu2Se NCs were
passivated by HDA ligands, whereas the hexagonal Cu2Se NCs
were passivated by OPA and TOPO (see the Experimental
Section and Figure S5a of the SI). In the attempt to have both
NC systems passivated by the same ligands, we tried different
ligand exchange procedures, however, with poor results. The
exposure of the metastable hexagonal Cu2Se NCs to HDA led
to their phase transformation into a tetragonal Cu1.5Se phase
(see Figure S5b of the SI). Conversely, the native ligands of

cubic Cu2Se NCs could not be replaced by OPA (see Figure
S5a of the SI). In any case, although the different ligand
environments should affect the exchange rate of cations (and,
consequently, the speed of the CE reaction), we believe that
their role on dictating the pathway of CE should not be as
strong at that represented by the symmetry of the lattice itself.
Both cubic and hexagonal Cu2Se NCs were employed in CE

reactions with Pb2+ cations at room temperature. It is worth
noting that PbSe and Cu2Se bulk materials are not miscible so
that partial CE experiments should lead to heterostructures.6−9

The exposure of cubic and hexagonal Cu2Se NCs to an excess
of Pb2+ ions (see the Experimental Section for details) led, in
both cases, to NCs with same size and shape of the parental
copper selenide NCs and a crystal structure that well matched
with that of rs-PbSe clausthalite (ICSD number 98−006−3097,
see Figure 2 and Figure S6 of the SI).

The ICP elemental analysis further confirmed the presence
of Pb and Se elements with a very low residual amount of Cu+

ions (see Table 1). Both PbSe samples had similar optical
features, that is, no photoluminescence and comparable
absorption curves (see Figure S7 of the SI). Interestingly,
while in the case of cubic Cu2Se NCs the complete exchange,
achieved using a huge excess of Pb2+ ions (Pb:Se feed ratio of
40:1), required 48 h, in the case of hexagonal Cu2Se NCs,
already after ∼12 h almost no traces of residual copper were
detected by the elemental analysis (see Table 1). Another
difference in the two CE reactions emerged from the high-
resolution TEM analysis of the product NCs: while PbSe NCs
synthesized from cubic Cu2Se NCs were found to be
monocrystalline and defect-free (see Figure 2a), the NCs
produced starting from hexagonal Cu2Se NCs exhibited, in
many cases, twin boundaries, as evidenced by Figure 2b and
Figure S8 of the SI.
To understand the differences between the two CE reactions,

we performed partial CE experiments to study in detail the
resulting products. When Cu+ cations of cubic Cu2Se NCs were

Figure 1. BF-TEM images of (a) cubic Cu2Se and (b) hexagonal
Cu2Se NCs. (c) XRD patterns of the as-synthesized cubic Cu2−xSe
NCs (black line) and of the reduced (yellow line) cubic Cu2Se NCs.
The corresponding bulk cubic berzelianite reflections are also shown
by black bars (ICSD 98−004−1140) and red bars (ICSD 98−009−
7399). (d) XRD pattern of hexagonal Cu2Se NCs.

Figure 2. HRTEM images of PbSe NCs obtained starting from (a)
cubic Cu2Se and (b) hexagonal Cu2Se NCs. (c) XRD patterns of the
complete CE products together with the corresponding bulk
reflections of cubic clausthalite PbSe (light blue bars, ICSD 98−
006−3097).
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partially replaced by Pb2+ ions, the final sample mainly
consisted of Cu2Se@PbSe core@shell NHs (see Figure 3 and

the Experimental Section for details). HAADF-STEM images of
partially exchanged NCs evidenced, indeed, the presence of a
brighter shell surrounding a darker core, which can be
intuitively ascribed to PbSe and Cu2Se, respectively (see Figure
3a). The HRTEM and EDS characterizations of such NHs
further confirmed that the shell was made of rs-PbSe, while the
core corresponded to cubic Cu2Se (see Figure 3b,c and Figure
S9 of the SI). The presence of both rs-PbSe and the berzelianite
Cu2Se phases was supported also by XRD analysis, as shown in
Figure 3d.
These findings, similar to what observed in our previous

work, suggest that the low diffusivity of large octahedrally
coordinated Pb2+ ions led to the unselective formation of the
PbSe domains on the whole surface of Cu2Se NCs, favored,
most likely, by the absence of preferred entry points.43 The
different PbSe nuclei that form on the surface of the starting
NCs at the early stages of the exchange (see Figure S9 of the
SI) eventually grow and merge (the reaction front moves
toward the NC’s center) forming a uniform PbSe shell and
evolve into defect-free PbSe NCs. This can be rationalized by
considering that clausthalite PbSe and berzelianite Cu2Se
crystal structures are both characterized by a face-centered
cubic Se anion sublattice with similar lattice parameters: aCu2Se
= 5.746 Å and aPbSe = 6.121 Å. The Cu2Se → PbSe
transformation can be accomplished by a small expansion of

the Se sublattice (∼6% elongation of a) which, most likely,
takes place without the formation of strain-induced defects.
Differently from the previous case, the exposure of hexagonal

Cu2Se NCs to a substoichiometric amount of Pb2+ ions (i.e.,
using a Pb/Se feed ratio of 1:2) led to the formation of striped
Cu2Se/PbSe NHs (see Figure 4). As it was possible to observe

in BF-TEM images, a fraction of the resulting NCs was
characterized by a striped texture with domains showing
different contrast (see Figure 4a). HAADF-STEM and EDS
analyses of those structures evidenced the occurrence of inner
high-contrast Pb-rich regions and outer low-contrast Cu-rich
domains (see Figure 4c,d). Furthermore, HRTEM images of
such NHs confirmed the presence of a central PbSe domain
and lateral hexagonal Cu2Se domains, as shown in Figure 4b.
XRD and ICP elemental analyses further supported these
results evidencing the presence of both the hexagonal Cu2Se
and the PbSe structures, with a mean Cu0.92Pb0.58Se
composition (see Figure 4e and Table 1).
The notable finding here is that the product PbSe is

“sandwiched” between the remaining hexagonal Cu2Se
domains. Except for rare cases, in all the CE reactions reported

Figure 3. (a) HAADF-STEM image of a group of Cu2Se@PbSe
core@shell NHs with the corresponding (b) STEM-EDS elemental
map for Cu and Pb. (c) HRTEM image of a single Cu2Se@PbSe
core@shell NC with the corresponding FFT (top right panel) and
STEM-EDS map for Cu and Pb (bottom right panel). The scale bar in
the EDS map is 5 nm. The dotted yellow and light blue lines,
delimiting the cubic Cu2Se core and the PbSe shell, are a guide for the
eyes. (d) XRD pattern of the sample obtained by partial CE of cubic
Cu2Se NCs and Pb2+ ions. The bulk XRD reflections of cubic Cu2Se
berzelianite (ICSD 98−009−7399) and PbSe clausthalite (ICSD 98−
006−3097) are also reported by red and light blue bars, respectively. Figure 4. (a) BF-TEM image of the product NCs obtained by partial

CE of hexagonal Cu2Se NCs and Pb2+ ions. (b) HRTEM image of a
striped hex-Cu2Se/PbSe NH. (c) HAADF-STEM image of a group of
partially exchanged hexagonal Cu2Se NCs. It is possible to notice the
presence of both striped hex-Cu2Se/PbSe NHs and Cu2Se NCs in
which only few layers of PbSe formed upon CE. (d) EDS line-scan
performed along the red line marked in panel c. (e) XRD pattern of
the product resulting from the partial CE between hexagonal Cu2Se
NCs and Pb2+ ions with the corresponding bulk reflections of
clausthalite PbSe (light blue bars, ICSD 98−006−3097). As a guide for
the eyes, the experimental reflections measured for the starting
hexagonal Cu2Se NCs (see Figure 1d) are also reported by orange
bars.
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up to date, the formation of the product material was observed
to occur either from the overall surface of the host NCs,
yielding core@shell NHs, or from one surface site, forming
Janus-like NHs, or from multiple surface sites, creating
multidomain or striped NHs in which the host material is
“sandwiched” in between the product material.6−9 The only
exceptions are represented by striped Ag2S/CdS NRs and
Cu2S/Ag2S nanowires.66,67 In the first case, the CE reaction
between CdS NRs and Ag+ was observed to produce, at the
early stages, small Ag2S nuclei randomly dispersed over the NR
surface, which, subsequently, coalesced forming regularly
spaced Ag2S segments.67 The formation and the stabilization
of such superlattices were attributed to the large interfacial
strain between the two materials and to the consequent
repulsive elastic interaction among the Ag2S sections.68 In the
second example, the CE between Cu2S nanowires and Ag+ ions
was observed to produce multiple Ag2S stripes perpendicular to
the elongation of the wires.66 The generation of these peculiar
NHs was proven to be driven by the presence of numerous
twin boundaries in the starting Cu2S nanowires, which acted as
preferred nucleation sites for the Ag2S phase.
Considering the different morphology of our Cu2Se/PbSe

NHs compared to Ag2S/CdS superlattices (i.e., there are no
PbSe stripes “repelling” each other), and that the starting
hexagonal Cu2Se are not characterized by the presence of twin
boundaries (see Figure S4 of the SI and ref 65), the formation
of striped NHs observed here cannot be explained by strain- or
defect-induced CE processes. Upon closer inspection of
HAADF-STEM images of Pb-partially exchanged samples, we
observed that, in many NCs, single or double PbSe layers
formed along (a, b) planes of Cu2Se NCs (see Figures 4c, 5a
and Figure S10 of the SI). These findings indicate that Pb2+

ions had preferential entry points through which they access
and diffuse into the host Cu2Se NCs. To better sift this
hypothesis, we performed an accurate refinement of the
metastable hexagonal Cu2Se structure, which, up to now, has
not been analyzed in detail. Our Le Bail fit of the experimental
XRD pattern (see Figure S11 of the SI) revealed that the
hexagonal Cu2Se phase can be accurately described with a P63/
mc symmetry (as in wurtzite), in which copper cations occupy
not only the tetrahedral (Td) site (with Wyckoff position 2b),
but also a quasi-planar (Pl) site at position 2a (see Figure 5b

and Figure S12 of the SI). On the other hand, the octahedral
(Oh) sites are essentially empty (see Figure 5b, white spheres
and Figure S12 of the SI). The stability of this structure was
also confirmed by our DFT calculations. Furthermore, these
calculations confirmed that the Cu2Se P63/mc structure with
occupied Oh sites is unstable: the copper ions in Oh sites relax
upon shifting to the near Pl sites (see Table S1 of the SI).
These findings evidence a preferential site occupancy in the
hexagonal Cu2Se structure, which provides unusual wide
diffusion planes for guest ions that are not found in any
known cubic copper selenide.24,69 These preferred sites are
stabilized by the rigid hexagonal close-packed Se2− anion
sublattice of wz-CdSe that is preserved in hexagonal Cu2Se (see
Figure 5b and Figure S13 of the SI). The insertion of Pb2+ ions
in wz-CdSe NCs (and in general in hexagonal Cd-based
chalcogenide NCs) has been reported to start from the (001)
or the (00−1) facets.51,60,70 By comparing wz-CdSe and the
present hexagonal Cu2Se structures, it is clear that in the latter
no diffusion channels along the c-direction are available for Pb2+

ions, most likely as a consequence of the presence of the second
Cu+ ion in Pl coordination (see Figure 5b and Figure S4 of the
SI). On the other hand, the hexagonal Cu2Se structure,
differently from wz-CdSe, is characterized by preferential (a, b)
diffusion planes for Pb2+ ions, in which the latter can adopt the
desired Oh coordination, confirming what observed in
HAADF-STEM images. When two layers of PbSe form inside
the hexagonal Cu2Se, they adopt the cubic structure, which can
be achieved by a minor shift of the surrounding Se anions. The
shifted Se atoms further block the diffusion of guest ions along
the c direction by occupying the empty channels in the wurtzite
type structure (i.e., 2a site). Bearing this in mind, the formation
of twinned PbSe NCs in complete CE from hexagonal Cu2Se
NCs can be, thus, explained as follows: when two separate PbSe
stripes form in a single hexagonal Cu2Se NC and grow, due to
the ABC stacking of the cubic structure in the PbSe stripe, there
is only a 1/3 probability that a matching is observed at the
interface between the two domains.

■ CONCLUSION

In conclusion, we have shown that cubic and hexagonal
(metastable) Cu2Se NCs can undergo CE with Pb2+ ions at
room temperature. In both systems, the final product of the

Figure 5. (a) HAADF-STEM image of a single partially exchanged hexagonal Cu2Se NC. It is possible to notice the presence of two PbSe stripes in
the middle of the NC. (b) Atomic schemes representing the hexagonal Cu2Se structure: (upper left panel) side view and (lower left pane) top view.
The hexagonal cell is indicated in black. Orange and red spheres represent Cu+ ions in Td and Pl coordination, respectively. From the side view, it is
possible to visualize the preferential a, b planes through which Pb2+ ions (blue spheres) can diffuse inside the host structure occupying the Oh sites,
highly vacant in Cu+ (white spheres). The insertion of lead is believed to proceed mainly in a layer-by-layer fashion as schematized (upper and lower
right panels).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b03706
J. Am. Chem. Soc. 2017, 139, 9583−9590

9588

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b03706/suppl_file/ja7b03706_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b03706


exchange is rs-PbSe NCs. We demonstrated that the crystal
structure of the starting NCs material can dictate the CE
pathway. In cubic Cu2Se NCs, PbSe nucleates randomly on the
overall surface of the host material, generating Cu2Se@PbSe
core@shell NHs as intermediates. This exchange trend, already
observed in other CE transformations, can be explained taking
into account the low diffusivity of Pb2+ ions coupled with the
absence of preferred entry points in cubic Cu2Se. On the other
hand, in hexagonal Cu2Se NCs, Pb2+ ions could diffuse and
replace host cations along defined (a, b) planes of the host
material, generating PbSe stripes “sandwiched” in between
Cu2Se domains. This peculiar CE process, not observed in any
other known system, was attributed to the hexagonal
metastable Cu2Se structure, which presents preferred entry
points to the guest ions. Indeed, the hexagonal Cu2Se is
characterized by (002) planes with almost empty Oh sites,
which Pb2+ ions can access to diffuse inside the host material.
Our findings, thus, suggest that the crystal structure of host
NCs is an important parameter that should be taken into
account when performing CE reactions. More precisely, we
observed that both the crystalline quality and morphology of
the nanostructures obtained by CE are sensitive to the phase of
starting NCs.
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