
DE TRIZIO ET AL. VOL. 7 ’ NO. 5 ’ 3997–4005 ’ 2013

www.acsnano.org

3997

April 04, 2013

C 2013 American Chemical Society

Colloidal CdSe/Cu3P/CdSe
Nanocrystal Heterostructures and
Their Evolution uponThermalAnnealing
LucaDe Trizio, FrancescoDeDonato, Alberto Casu, AlessandroGenovese, Andrea Falqui,*Mauro Povia, and

Liberato Manna*

Department of Nanochemistry, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy

T
he synthesis of colloidal nanocrystals
(NCs) is rapidly evolving toward the
creation of elaborate structures. Ex-

amples in this direction are NC heterostruc-
tures; that is, nanoparticles in which various
sections of different materials and/or crystal
phases are connected together.1�27 NC het-
erostructures are mostly fabricated by a
seeded growth approach that consists of
using preformed NCs, of a givenmaterial, as
“seeds” onto which domains of other mate-
rials are grown. Another common way to
synthesize nanoheterostructures is to start
from preformed NCs as templates, in which
specific crystal domains of the original struc-
ture are converted into different materials
through partial cation exchange.1,2,12,24,28

Another possible way of realizing complex
NC structures is by combining colloidal syn-
thesis of heterostructures with postsynthetic
thermal heating.7,16 In the case of metal�
semiconductor heterostructures, this procedure

has made it possible to fabricate peculiar
NCs, for example, Au�CdSe nanodumbbells
consisting of Au and CdSe domains con-
nected together via epitaxial interfaces,
which cannot be achieved directly in the
solution phase.7 Thermal annealing in con-
junction with electron irradiation can also
be exploited to create new nanostructures
in situ, although this field is still in its
infancy.22 One key point of NC heterostruc-
tures is that the relative thermal or irradia-
tion stability/reactivity of a certain material
domain in the heterostructure can be much
different from that of the same domain if it
were the only constituent of the NC. This is
due to its proximity to domains of other
materials that can elicit concomitant pro-
cesses such as diffusion of chemicals, al-
loying, charge transfer and others. For
example, while separate CdS and Au NCs
are both relatively stable to electron irradia-
tion, CdS�Au NC heterostructures rapidly
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ABSTRACT We report the synthesis of colloidal CdSe/Cu3P/CdSe

nanocrystal heterostructures grown from hexagonal Cu3P platelets

as templates. One type of heterostructure was a sort of “coral”,

formed by vertical pillars of CdSe grown preferentially on both basal

facets of a Cu3P platelet and at its edges. Another type of

heterostructure had a “sandwich” type of architecture, formed by

two thick, epitaxial CdSe layers encasing the original Cu3P platelet.

When the sandwiches were annealed under vacuum up to 450 �C,
sublimation of P and Cd species with concomitant interdiffusion of Cu and Se species was observed by in situ HR- and EFTEM analyses. These processes

transformed the starting sandwiches into Cu2Se nanoplatelets. Under the same conditions, both the pristine (uncoated) Cu3P platelets and a control sample

made of isolated CdSe nanocrystals were stable. Therefore, the thermal instability of the sandwiches under vacuum might be explained by the diffusion of

Cu species from Cu3P cores into CdSe domains, which triggered sublimation of Cd, as well as out-diffusion of P species and their partial sublimation,

together with the overall transformation of the sandwiches into Cu2Se nanocrystals. A similar fate was followed by the coral-like structures. These

CdSe/Cu3P/CdSe nanocrystals are therefore an example of a nanostructure that is thermally unstable, despite its separate components showing to be stable

under the same conditions.
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decompose under the same conditions and form
AuS(core)/Cd(shell) NCs.22

We report here the synthesis of various nano-
structures by combining colloidal synthesis with post-
synthetic thermal annealing. Starting from hexagonal
Cu3P platelets (Scheme 1a), we could prepare struc-
tures resembling corals, in which vertical pillars of CdSe
were grown preferentially at the edges of the Cu3P
platelets, on both basal facets (Scheme 1b). With
different concentrations of surfactants, and working
at higher temperatures, we could instead grow sandwich-
shaped nanoparticles consisting of one top and one
bottom layer of CdSe encasing each original Cu3P
platelet (Scheme 1c). Upon thermal annealing, these
sandwich-like nanostructures were transformed into in
Cu2Se NCs (Scheme 1d). Under the same conditions,
the pristine, uncoated Cu3P platelets were stable9,29

and even CdSe NCs, synthesized by standardmethods,
did not undergo noticeable compositional changes
under the same annealing process (see Figure S5).29

Therefore, these CdSe/Cu3P/CdSe sandwiches are an
example of thermally unstable nanostructures, despite
being built by combining subunits that separately
would be otherwise stable. In the present case, the
instability appeared to be driven by high diffusion rate
of Cu into the nearest neighbor phases. This diffusion
seemed to trigger not only the sublimation of Cd,
which was replaced by Cu, but also the out-diffusion
of P and its partial sublimation, as we already observed
in our previous work9 on Cu3P/Cu Janus-like particles.
The final effect was therefore a conversion of the
original sandwiches to Cu2Se NCs. A similar fate was
followed by the coral-like structures, although it re-
quired slightly higher temperatures.
Apart from synthetic considerations discussed here,

the results of subjecting NCs to conditions such as
annealing or irradiation can have important techno-
logical implications. For example, NCs that would
degrade quickly under oxygen/moisture or under var-
ious processing conditions could instead be generated
in situ in a protected environment at the last steps of a

device fabrication process. Also, similar procedures
may be exploited to achieve NCs with new phase
compositions that would be otherwise problematical
to fabricate in the solution phase. Finally, as increas-
ingly more applications are envisaged that are based
on nanoscale materials, it is clearly important to make
assessments on the long time stability of such materi-
als. Thermal annealing can be a convenient method for
assessing such stability.

RESULTS AND DISCUSSION

Synthesis of CdSe/Cu3P/CdSe Nanocorals and Sandwich-like
Nanostructures. In all the syntheses reported in this
work, CdSe was grown on presynthesized Cu3P plate-
lets, in a mixture of trioctylphosphine oxide and a
combination of alkylphosphonic acids, namely, hexyl-
phosphonic acid (HPA) and octadecylphosphonic acid
(ODPA), in a temperature range between 300 and
380 �C. In all these syntheses, the exclusive growth of CdSe
on top of the Cu3P nanoplatelets, without side nuclea-
tion of CdSe nanoparticles in solution, was possible by
the addition of small amounts of HCl. This is similar to
what shown recently by us on seeded grown branched
CdSe/CdS NCs, in that case using CdCl2 in small con-
centrations in addition to CdO as Cd precursor.30

Figure 1 reports transmission electron microscopy
(TEM) images of initial Cu3P platelets (Figure 1a) and
of corals grown under different reaction conditions
(Figure 1b,c). For the syntheses carried out at 300 �C
(Figure 1b), it is clear that many thin CdSe pillars grew
preferentially at the edges of the basal facets of the
Cu3P platelets. This selectivity wasmost likely driven by
the higher reactivity of the edges of the platelets,
where more active sites would favor nucleation of
CdSe. Also, the vast majority of CdSe pillars grew
vertically with respect to the Cu3P substrate, an indica-
tion that the initial platelets provided a directionality
that is likely driven by an epitaxial relationship be-
tween the basal facet of Cu3P and one (or both) polar
facet(s) of CdSe perpendicular to the [001] elongation
direction of the pillars. Both CdSe and Cu3P have
indeed hexagonal symmetry and many sets of lattice
planes of the two phases are characterized by similar
spacing. At reaction temperatures higher than 300 �C,
different heterostructures were obtained (Figure 1c).
For example, at 340 �C, in addition to observing growth
of CdSe pillars at the edges (which were thicker in this
case), other pillars were noticed also in the central
region of the basal facets of the platelets (see inset of
Figure 1c). In addition, a CdSe layer covered each
platelet, as evidenced from the Moiré pattern31 of the
nanoparticles imaged under TEM when laying flat with
respect to the substrate.

Sandwich-like heterostructures were formed when
increasing the amount of phosphonic acids with
respect to that of Cu3P seeds (Figures 2 and 3a)
and performing the synthesis at 380 �C. From various

Scheme 1. Formation of various CdSe/Cu3P/CdSe hetero-
structures and Cu2Se nanoplatelets by combining chemical
synthesis followed by thermal annealing: (a) Cu3P platelets;
(b) nanocorals, that is, Cu3P nanoplatelets decorated with
CdSe pillars at the edges of their basal facets; (c) CdSe/Cu3P/
CdSe sandwiches; (d) Cu2Se NCs obtained from the sand-
wiches by thermal annealing
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experiments, we could infer that, first, the presence of
HPA promoted the formation of elongated CdSe struc-
tures (like the pillars discussed above) on top of the
Cu3P platelets. Instead, when using a higher concen-
tration of ODPA with respect to HPA, a layered growth
was favored. We observed indeed that sandwich-like
nanostructures were formed even without adding any
HPA (see Figure S1a).29 The thickness of the CdSe layers
on the top and on the bottom of the Cu3P platelets
could be increased by varying the reaction time from
1 to 8 min at 380 �C (Figure 2). Sandwiches could also
be synthesized at lower temperatures, but with much
less control over the thickness of the CdSe layers
(see also figure S1b).29 These experiments suggested
that the chemical passivation provided by phosphonic
acids governed the heteronucleation of CdSe on
Cu3P, although a detailed understanding of the exact
mechanism underlying the growth of the various
CdSe/Cu3P morphologies would require further
investigations.

Structural Analysis of the Sandwiches. High-resolution
TEM (HRTEM) analysis of the sandwiches indicated
phase stacking along the [0001] directions of both
CdSe (space group P63mc, JCPDS card 77-2307) and
Cu3P (space group P63cm, JCPDS card 71-2261). The
double CdSe/Cu3P/CdSe interface was clearly identi-
fied due to the difference of electron absorption
between the two phases (Figure 3a). Scanning TEM
energy dispersive X-ray (STEM-EDX) line profiling

displayed the Cu, P, Cd and Se elemental distribution
across the crystals (Figure 3b), with a weaker signal of
Cd and Se detected in the central region correspond-
ing to Cu3P platelets and due to X-ray fluorescence
coming from the two CdSe external domains. Besides,
HRTEM revealed a “twin” epitaxial relationship govern-
ing the growth of the CdSe/Cu3P/CdSe sandwiches
(Figure 3c). The two CdSe/Cu3P interfaces were mu-
tually aligned according to the following symmetry
relationships:

CdSe(0002)==Cu3P(0002)

CdSe[1120]==Cu3P[3030]

Figure 1. TEM images of (a) initial Cu3P platelets; (b) nanocorals grown at 300 �C (inset shows a top view of a large coral and
side views of smaller corals); (c) nanocorals grown at 340 �C. Here, in the inset, a magnified view of a group of corals is shown,
where it is also possible to see theMoiré interferencepattern on the platelets. The scale bar is 100 nm in the images and 20 nm
in the insets. Both CdSe and Cu3P have hexagonal structures.

Figure 3. Side-viewofCdSe/Cu3P/CdSesandwiches. (a) HRTEM
image showing the [0001] stacking of the two phases
characterized by a different electron contrast; (b) HAADF
STEM image and EDX line profile (marked by A and B labels)
with Cu KR, P KR, Cd LR and Se KR signals across a single NC;
(c) high magnification HRTEM image of the epitaxial inter-
faces in a single sandwich. The main (0002) and (1120)
lattice planes for the CdSe domains and the (0002) and
(3030) planes for the Cu3P domains are displayed; (d) FFT
patterns of CdSe in blue ([1100] zone axis) and Cu3P in red
([1210] zone axis) showing their lattice similarities (CdSe þ
Cu3P FFT pattern); the sketch at the bottom right displays
the whole habit of the heterostructure.

Figure 2. TEM images of CdSe/Cu3P/CdSe sandwiches
grown at 380 �C after (a) 1 min and (b) 8 min. The scale
bar is 100 nm in both images.
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where the first term represents the interface alignment
and the second one the vector alignment. Along the
CdSe(0002)/Cu3P(0002) interface, it was then possible
to calculate the actual lattice mismatch (m), defined as
the absolute difference between two lattice spacings
(d1 and d2) along a certain direction, relative to the
average of the lattice spacings:

m ¼ 2� jd1 � d2j=(d1 þ d2)

In particular, the lattice mismatches can be described
by considering that one unit cell of CdSe along the
directions [0002], [1120] and [1100], fits into one unit
cell of Cu3P along the directions [0002], [3030] and
[1210], respectively (Table 1). The Fourier analysis of
the HRTEM images of well oriented heterostructures
was performed by means of filtered 2D-Fast Fourier
Transform (FFT) and proved the alignment of the
epitaxial-related domains. Figure 3d displays the FFT
patterns of CdSe shells, Cu3P core and the whole habit
of these heterostructures. It is noticeable that the
[1100] zone axis projection of the CdSe domains is
collinear to the [1210] zone axis projection of the Cu3P
platelet, with only a slight shift between the 1120 spots
of CdSe and 3030 of Cu3P, due to small differences
between the respective d-spacing. As expected, plan-
view HRTEM observations of the sandwiches revealed
then the presence of translational Moiré fringes
(Figure 3a) generated by the interference of CdSe
(1120) and Cu3P (3030) lattice sets which exhibited

closed d-spacing with values of 2.15 and 2.01 Å,
respectively.29

Annealing Experiments. Annealing experiments were
performed by heating the samples both in situ, i.e., in
the TEM, on NCs deposited on Ni and Cu grids, and
ex situ, that is, in a heating chamber under vacuum, on
NCs films deposited on silicon substrates. We discuss
first the results of the in situ annealing experiments,
which were performed using a TEM sample holder
capable to reach temperatures up to of 800 �C. These
are shown in Figure 4, which reports a sequence of
HRTEM images of a single CdSe/Cu3P/CdSe hetero-
structure from room temperature (Figure 4a) up to
400 �C (Figure 4b,c). Upon heating to 350 �C, in most
sandwiches the CdSe domains of the original hetero-
structures (Figure 4a) showed a transition to a lattice
compatible with fcc Cu2Se, while the central region
was still compatible with Cu3P (Figure 4b) and the
interface between CdSe and Cu3P was blurry. It is
interesting to note that, while the reaction tempera-
ture of 380 �C at which the colloidal synthesis was
made did not cause any phase modification of the
formed heterostructures, annealing experiments, car-
ried under high vacuum, did show structural evolution
in the sandwiches already at 350 �C. This point will be
discussed later in detail. Further heating to 400 �C
determined the complete transformation of each
original heterostructure into a NC that was thoroughly
characterized by a fcc lattice, with d-spacings compat-
ible with those of fcc Cu2Se (Figure 4c).

Also, energy filtered TEM (EFTEM) maps of Cu, Cd
and P were acquired on an area of the grid containing
several sandwiches during the observed transition
(Figure 5). These maps revealed a migration of all the
elements starting from 350 �C up to 450 �C. Such
migration resulted in the extrusion of the P and Cd
atoms from the heterostructures, while the Cu atoms
were distributed all over the NCs.

We observed an incipient destabilization process at
400 �C, followed by a partial “dissolution” of nanopar-
ticles (NCs). This effect was more evident and rapid

TABLE 1. Lattice Mismatches at the CdSe(0002)/Cu3P(0002)

Interface

Commensurate Lattice Mismatches m

CdSe/Cu3P M

[0002]//[0002] 1.4%
[1120]//[3030] 6.2%
[1100]//[1210] 6.6%

Figure 4. In situ annealing experiments on a single CdSe/Cu3P/CdSe heterostructuremonitored by HRTEM using an ultrathin
Cu grid. (a) The NC at room temperature (the structure was stable at 300 �C). (b) HRTEM acquired at 350 �C, where the CdSe
domains were already transformed to Cu2Se and this latter phase is first observed. c) HRTEM acquired at 400 �C, where the
sole Cu2Se phase is observed along the [112] zone axis, with fcc crystal structure exhibiting (111) and (220) lattice sets with
measured d-spacings of 3.37 and 2.06 Å, respectively. All the scale bars reported correspond to a length of 5 nm.
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whenthesamplewasheated for a fewminutes (5�10min)
at a temperature of 450 �C. Under these conditions,
someNCs developed alteration/dissolution figures and
some of them eventually sublimated altogether. In
particular, the EFTEM mapping exhibited a partial
rearrangement of the P atoms in the peripheral regions
of the sandwiches and the concomitant and complete
loss of the Cd atoms between 400� and 450 �C (this
could be better observed in Figure 6 on a smaller group
of particles), probably due to a thermal sublimation
process under the high vacuum conditions of the TEM.
The separation between Cu3P and CdSe domains,
initially easily distinguishable from the corresponding
zero-loss (ZL) images at RT, became blurry at higher
temperatures as a consequence of Cu ions diffusion
in the sandwiches, associated to P and Cd loss. Addi-
tional EFTEM images, taken during annealing of other

samples, confirmed the reproducibility of these obser-
vations. The absence of Cd from the annealed NCs was
also confirmed by a subsequent STEM-EDX analysis,
where no signal from Cd could be found (see Figure S3
of the Supporting Information). This process was
clearly visible when monitoring the annealing evolu-
tion of the sandwiches in side-view.

On the light of EFTEM data and spatially resolved
EDX analysis, we can better explain the struc-
tural transformation of sandwich NCs shown in
Figure 4 assessing that the loss of Cd atoms is
associated with the appearance of Cu2Se domains.
Moreover, such domains exhibited a “mimetic”
growth in sub-solidus conditions, i.e., they main-
tained the original orientation of the starting hex-
agonal CdSe phase considering the closed packed
arrangement of Se atoms in the two structures,

Figure 5. Elastic filtered image (ZL) and EFTEM elemental maps of several sandwiches between room temperature (RT) and
450 �C on an ultrathin Cu grid. Elemental maps were obtained by using the EELS L-edges of P (132 eV, depicted in green), Cd
(404eV, depicted in cyan), andCu (931eV, depicted in red), respectively. All the scalebars reported correspond toa lengthof 100nm.
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namely, fcc for Cu2Se and hcp for CdSe (compare
panel a with panel c of Figure 4).

In parallel to such diffusion processes which trans-
formed the original sandwiches to Cu2Se NCs, several
sandwiches instead did sublimate entirely. This can be
seen by comparing the sequence of zero loss images
(ZL) of Figure 5. The reason for this is still unclear, but
most likely it was driven by the diffusion of atomic
species among neighboring nanocrystals when the
interparticle distance was short enough. It appeared
therefore that annealing under high vacuum, which
triggered the interdiffusion of some atomic species
and the sublimation of others, could set the NC into a
potentially unstable configuration. Several in situ an-
nealing experiments were run to confirm the observa-
tions above (both transformation into Cu2Se and
sublimation). Also, one important remark to make is
that, when the initial Cu3P platelets or even isolated
CdSe NCs were subject to the same annealing condi-
tions as for the sandwiches (or even to higher tem-
perature), no morphological, compositional or struc-
tural changes were observed (see Figure S4).

Similar annealing experiments were also carried out
on nanocorals NCs (results are reported in the Support-
ing Information section). The EFTEM maps acquired at
increasing temperatures confirmed also for these CdSe/
Cu3P/CdSe heterostructures their thermal instability. In
this case, however, the destabilization and dissolution
process was observed on the NCs at a temperature of
500�550 �C. These values are slightly higher than the
corresponding sandwich-like nanostructures. The cause
could be ascribed to the presence of a residual organic

shell covering the NCs that interfered with the ion
diffusion and sublimation processes (Figure S5).

To ensure that the observed chemical transforma-
tions occurred in the whole sample of sandwich-like
NCs and that theywere not due to a combined effect of
annealing and electron irradiation, we carried out
ex situ annealing experiments on films of sandwiches
deposited on a silicon substrate. The annealing was
done in a vacuum chamber (∼10�8 Torr) in conditions
as similar as possible to the ones used in the TEM. XRD
patterns of the sample before and after annealingwere
recorded at room temperature under air and are
reported in Figure 7. The XRD pattern of the initial
sandwiches was dominated by diffraction peaks of
CdSe domains, with small contributions from Cu3P
domains. After annealing, the XRD pattern exhibited
new and sharp diffraction peaks that could be indexed
with the R phase of Cu2Se (some of the small peaks
present in the patterns after annealing could be due
to residuals of the starting NCs or to small fractions of
unidentified compounds formed as a consequence of
the annealing). The β-Cu2Se phase, with cubic lattice, is
what we observed in the in situ annealing experiments
in the TEM. Indeed, the R-Cu2Se polymorph is the low-
temperature phase that evolves to the β-Cu2Se poly-
morph above 130 �C.32,33

The XRD analysis on a film of annealed NCs con-
firmed that the transformation from the CdSe/Cu3P/
CdSe heterostructures to Cu2Se did not require elec-
tron irradiation. As discussed earlier, this transforma-
tion appears to be triggered by both the ease of
diffusion of Cu into CdSe and the sublimation of Cd

Figure 6. Elastic filtered images, zero loss (a�c), and the corresponding EFTEMelementalmaps (d�f) of several NCs observed
at room temperature (RT), 400 and 450 �C. Elemental maps were obtained by using the EELS L-edges of P (132 eV, depicted in
green,) and Cu (931 eV, depicted in red), respectively. The ZL image collected at 450 �C shows clearly sublimation
morphologies. All the scale bars reported correspond to a length of 50 nm.
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(and partially of P) under the annealing conditions. Cu
is a well-known dopant in many II�VI semiconductors,
and studies of Cu�CdS and Cu�CdSe interfaces evi-
denced the formation of a thick interfacial layer in
which dissociated Cd and Cu�chalcogen alloy were
present.34 The fact that CdSe/Cu3P/CdSe sandwiches in
solution were stable at 380 �C, while the same NCs on a
substrate were unstable at those temperatures under
vacuum, is noteworthy. In the annealing experiments
on samples deposited on substrates, the ultrahigh

vacuum conditions, both in the in situ and in the
ex situ experiments, certainly favored the sublimation
of Cd. On the other hand, when the sandwiches were
synthesized in solution, Cd ions/atoms were less prone
to leave the CdSe lattice in order to make room for the
Cu ions/atoms coming from the Cu3P lattice. This was
most likely due to the presence of a considerable
amount of unreacted Cd species during the synthesis,
which made the ejection of Cd from the sandwiches
unfavorable. Another reason for the stability of the
heterostructures when heated in solution might be
due to the abundant presence of ligands that allow for
the protection of the NCs. In fact, the same cannot
happen when annealing the nanostructures on sub-
strates, where the combined effect of heating and
vacuum can lead to ligand desorption.35 Annealing in
solution can instead lead to ligand exchange.36

CONCLUSIONS

We have reported in this work the synthesis of
various types of CdSe/Cu3P/CdSe nanoheterostruc-
tures and we have studied their thermal evolution. In
the case of sandwiches, these could be transformed to
Cu2Se platelets by annealing. One important conclu-
sion from this work is that thermal annealing of
nanoheterostructures can be exploited to create new
types of nanostructures. Also, Cu2Se is a potentially
interesting material for its plasmonic properties in the
near-infrared, provided that a fraction of its Cu atoms
are extracted to yield a compound with substoichio-
metric composition.37,38 Therefore, one further devel-
opment in this direction could be that of creating
plasmonic micro- and nanostructures “on demand”,
for example, by annealing with a laser individual or
groups of CdSe/Cu3P/CdSe NCs deposited on a
substrate.

EXPERIMENTAL SECTION

Chemicals. Copper chloride (CuCl, 99.999%), elemental sele-
nium (Se, 99.99%), trioctylphosphine oxide (TOPO, 99%) and tri-
n-octylphosphine (TOP, min. 97%) were purchased from Strem
Chemicals. Octadecylphosphonic acid (ODPA) and hexylphos-
phonic acid (HPA) were purchased from Polycarbon Industries.
Cadmium oxide (CdO, 99.5%), 1-octadecene (ODE 90%), hydro-
chloridric acid (HCl, 37%) and the various anhydrous solvents
were purchased from Sigma-Aldrich.

Synthesis Procedures. The initial Cu3P platelets were synthe-
sized according to a procedure described by us recently, with
minor modifications (see Supporting Information for additional
details).9

Synthesis of CdSe/Cu3P/CdSe Nanocorals. Nanocorals, that
is, Cu3P nanoplatelets decorated with CdSe pillars, were gen-
erally synthesized in a temperature range between 300 and
340 �C. In a typical synthesis of “nanocorals”, 3 g of TOPO was
mixed with 30 mg of CdO, 40 mg of HPA, 145 mg of ODPA, and
20 μL of HCl solution (obtained adding 50 μL of 37% HCl to
10 mL of Milli-Q grade H2O) in a three-neck flask. The mixture
was heated under vacuum to 150 �C and degassed at this
temperature for 2 h. Then, under nitrogen flux, 1,5 mL of TOP
was added and the temperature was raised to 300 �C. At this

point, a solution of Cu3P NCs dissolved in 0.5 mL of ODE (the
concentration of Cuþwas calculated to be 12mMby inductively
coupled plasma atomic emission spectroscopy (ICP-AES)) was
mixed with 0.3 mL of a TOP-Se solution (the latter prepared by
dissolving Se in TOP, 12 mg/mL of selenium) and the resulting
solution was then injected into the flask. The reaction was run
for 8 min at 300 �C, after which the flask was cooled to room
temperature. The particles were precipitated with addition of
methanol and thenwashed three times by dispersion in toluene
followed by precipitation via addition of methanol (the amount
of precursors and synthetic parameters used in the syntheses
reported in the text are also summarized in Table S1).

Synthesis of CdSe/Cu3P/CdSe Sandwich-like Nanostructures.
These were synthesized under conditions different from those
of the nanocorals, most notably at temperatures around 380 �C,
but also working with slightly different ratios of reactants to
optimize the yield in sandwiches. As an example, CdSe/Cu3P/
CdSe sandwiches were prepared by following the same syn-
thetic process described above, but using higher loadings of
HPA and ODPA (50 and 181 mg, respectively) and by running
the synthesis at 380 �C instead of 300 �C. Also, the thickness of
the CdSe layers could be tuned by varying the synthesis time.
Typical times ranged from 1 to 8 min (the amount of precursors

Figure 7. (a) XRD patterns of a film of initial CdSe/Cu3P/
CdSe sandwiches, with corresponding bulk positions for the
CdSe (JCPDS card 00-002-0330) and Cu3P (JCPDS card
03-065-3628) phases. (b) XRD pattern from the same film,
after annealing at 400 �C for 45min, alongwith bulk positions
for the monoclinic R-Cu2Se33 and cubic β-Cu2Se (JCPDS card
00-004-0839) phases. Some of the small peaks present in the
patterns after annealing could be due to residuals of the
starting NCs or to small fractions of unidentified compounds
formed as a consequence of the annealing.
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and synthetic parameters used in the syntheses reported in the
text are also summarized in Table S1).

Transmission Electron Microscopy (TEM), Scanning TEM Analysis, and in
Situ Thermal Annealing. High Resolution TEM (HRTEM), Scanning
TEM (STEM) in High Angular Annular Dark Field (HAADF)
geometry, and Energy Filtered TEM (EFTEM) imaging were
performed with a JEOL JEM-2200FS microscope, equipped with
a field emission gun working at an accelerating voltage of
200 kV, a CEOS spherical aberration corrector of the objective
lens allowing to get a spatial resolution of 1 Å, and an in column
Omega energy filter. Single particle chemical composition was
determined for several particles by Energy Dispersive X-ray
Spectroscopy (EDS) analysis performed in STEM mode, with a
JED-2300 Si(Li) detector and an electron probe size of 0.7 nm.
EFTEM images were acquired using a contrast aperture of about
10 mrad to reduce aberrations (mostly chromatic) and filtering
the Zero Loss (ZL) peak using an energy slit of 10 eV, and the
electron energy loss (EEL) edges of P (132 eV), and Cd (404 eV)
using an energy slit of 20 eV, and of Cu (931 eV), in the latter case
with the width of the energy slit equal to 50 eV. The in situ
thermal annealing experiments were performed using a JEOL
EM-21130 single tilt heating holder capable to reach tempera-
tures up to of 800 �C.

X-ray Powder Diffraction (XRD). XRD measurements were per-
formed on a Rigaku SmartLab X-ray diffractometer operating at
40 kV and 150 mA. The diffractometer was equipped with Cu
source and a Gobelmirror in order to have a parallel beam and it
was used in 2-theta/omega scan geometry for the acquisition of
the data. Specimens for XRD measurements were prepared in
the glovebox by dropping a concentrated NCs solution onto a
zero-background silicon substrate. For experiments on ther-
mally annealed samples, the silicon substrate with the NCs film
on top was annealed at 400 �C under vacuum (∼10�8 Torr) for
45min, after which the samplewas cooled to room temperature
and its XRD pattern was recorded at room temperature in air.
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