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Abstract: Despite impressive recent advances in the synthesis
of lead chalcogenide solid nanoparticles, there are no examples
of lead chalcogenide hollow nanoparticles (HNPs) with
controlled diameter and shell thickness as current synthetic
approaches for HNPs have inherent limitations associated with
their complexity, inability to precisely control the dimensions,
and limited possibilities with regard to applicable materials.
Herein, we report on an unconventional strategy for crafting
uniform lead chalcogenide (PbS and PbTe) HNPs with
tailorable size, surface chemistry, and near-IR absorption.
Amphiphilic star-like triblock copolymers [polystyrene-block-
poly(acrylic acid)-block-polystyrene and polystyrene-block-
poly(acrylic acid)-block-poly(3,4-ethylenedioxythiophene)]
were rationally synthesized and exploited as nanoreactors for
the formation of uniform PbS and PbTe HNPs. Compared to
their solid counterparts, the near-IR absorption of the HNPs is
blue-shifted owing to the hollow interior. This strategy can be
readily extended to other types of intriguing low-band-gap
HNPs for diverse applications.

The ability to control the size, shape, and structure of
colloidal nanoparticles (NPs) is of fundamental and techno-
logical importance as the optical, electrical, optoelectronic,
magnetic, and catalytic properties of NPs depend heavily on
these parameters.[1–3] Whereas solid NPs have a positive

curvature, hollow NPs (HNPs) also possess a negative
curvature on the inner surface,[4] and represent an important
class of nanomaterials. They have received considerable
attention owing to their much higher surface area to volume
ratio compared to solid counterparts of the same size for
potential applications, for example, in drug delivery, bioimag-
ing, and photothermal therapy.[5]

The synthetic routes to HNPs can be broadly grouped into
four categories based on the formation mechanism of the
hollow structures: nanoscale Kirkendall effect,[6,7] galvanic
replacement reactions,[8, 9] preferential chemical etching,[10]

and template-mediated approaches.[11] In spite of their
effectiveness in synthesizing a variety of HNPs with good
morphological control, the materials that are amenable to
each approach are inherently limited in scope. For instance,
the use of the nanoscale Kirkendall effect has been recog-
nized as a robust strategy towards HNPs.[6] However,
precisely tuning the diameter of the hollow interior and the
shell thickness as well as the composition of the HNPs
remains challenging, particularly considering that various
parameters such as the temperature, diffusion rate, and
concentration profiles of atoms, and the specific geometry
of HNPs are usually correlated with each other and compli-
cate the diffusion process of the Kirkendall effect.[12] Con-
sequently, this approach is greatly restricted to the synthesis
of metal oxide, transition-metal sulfide, and selenide
HNPs.[13,14] The second viable approach for the synthesis of
HNPs is galvanic replacement,[8] which is highly effective in
the self-templating production of noble-metal HNPs with
well-controlled hollow nanostructures. Although this
approach has also been extended to the synthesis of metal
oxide HNPs,[15] it is primarily employed to prepare noble-
metal HNPs.[9, 16] Preferential chemical etching is the third
feasible approach to obtain HNPs with well-defined hollow
interiors. However, this method is mainly utilized to synthe-
size metal oxide HNPs, and often requires high temperatures
to promote the etching process.[5] Lastly, (hard or soft)
template-mediated approaches enable the preparation of
a diverse range of HNPs but still suffer from several
limitations. For hard template approaches, the availability
and size of a suitable template (usually larger than 50 nm) as
well as the homogeneous nucleation during the coating
process make it difficult to control the morphology of the
HNPs in a reproducible manner, and template removal after
the treatment is also a major issue (e.g., removal of silica
templates invokes the use of hydrofluoric acid).[11] On the
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other hand, it is still challenging to implement soft templates
(e.g., micelles formed by self-assembly of linear block
copolymers) for the synthesis of HNPs as these self-assem-
bled templates may be destabilized upon variations in the
experimental conditions, such as the pH, temperature, or
solvent.[17]

Recent research has witnessed rapid advances in the
synthesis of a myriad of high-quality colloidal nanocrys-
tals.[2, 3,6] Among the IV–VI semiconductor nanocrystals, low-
band-gap lead chalcogenide NPs are of particular interest as
they possess much broader size-tunable optoelectronic prop-
erties from the visible to the near-IR region that open up
opportunities for their use in solar energy conversion,[18]

thermoelectric devices,[19] and photodetectors.[20] It is note-
worthy that the synthesis of lead chalcogenide solid NPs, for
example, PbTe, often requires the use of trialkylphosphine
ligands (e.g., trioctylphosphine (TOP), trioctylphosphine
oxide (TOPO), and tributyl phosphate (TBP)) because of
the poor solubility of tellurium in most organic solvents.[21–26]

To the best of our knowledge, no synthetic strategies have
been reported for crafting uniform lead chalcogenide HNPs
with negatively curved hollow structures, which is largely due
to the limitations associated with the conventional
approaches described above. Moreover, lead chalcogenide
NPs are susceptible to degradation upon exposure to air and
water; this further aggravates the daunting challenge in
synthesizing lead chalcogenide HNPs with tunable surface
properties. It is important to note that theoretical modeling
suggests that the presence of the hollow interior in semi-
conducting nanostructures offers another unique ability to
tailor their size- and structure-dependent properties.[27, 28]

Herein, we report on an unconventional yet robust
strategy for the synthesis of uniform low-band-gap semi-
conducting HNPs with tailorable size, surface chemistry, and
near-IR absorption that capitalizes on
judiciously designed amphiphilic star-like
triblock copolymers as nanoreactors.
These nanoreactors were based on poly-
styrene-block-poly(acrylic acid)-block-
polystyrene (PS-b-PAA-b-PS) and poly-
styrene-block-poly(acrylic acid)-block-
poly(3,4-ethylenedioxythiophene) (PS-b-
PAA-b-PEDOT). The former one was
synthesized by three consecutive atom
transfer radical polymerization (ATRP)
reactions, and the latter one was prepared
by two sequential ATRP reactions in
conjunction with a click reaction and
a Grignard metathesis polymerization.
Two lead chalcogenide HNPs (PbTe and
PbS) with easily controllable shell thick-
nesses were crafted to demonstrate the
effectiveness of this strategy. In sharp
contrast to the conventional approaches
towards HNPs described above, the syn-
thetic strategy developed in this study not
only offers an alkylphosphine-free
approach towards PbTe and PbS HNPs
(i.e., with reactions in the absence of TOP,

TBP, and TOPO), but also enables the in situ crafting of
HNPs with tunable surface chemistry (the surface capping
ligand can be readily changed from hydrophobic PS to
conjugated PEDOT). More importantly, compared to solid
counterparts of the same size, the as-synthesized HNPs
exhibited a blue-shift in absorption owing to the hollow
interior, which experimentally confirmed the change in the
optical band gap of semiconducting HNPs predicted by
a theoretical model based on the bond order–length–strength
correlation mechanism using a local bond average
approach.[28] These low-band-gap HNPs can be exploited
either as building blocks for the construction of assemblies or
as materials for energy conversion and storage or sensors, for
example.

The synthetic routes towards uniform PbS and PbTe
HNPs capped with coil-like PS and rod-like conjugated
PEDOT as ligands on the surface capitalized on amphiphilic
star-like PS-b-PAA-b-PS and PS-b-PAA-b-PEDOT triblock
copolymers, respectively, as nanoreactors (Figure 1). The
amphiphilic star-like PS-b-PAA-b-PS triblock copolymers
were synthesized by sequential ATRP of styrene (St), tert-
butyl acrylate (tBA), and St to form PS-b-PtBA-b-PS
(Figure 1, second row) using brominated b-cyclodextrin
(21Br-b-CD) as the macroinitiator (top row), followed by
hydrolysis of the intermediate PtBA blocks into PAA. The 21
hydroxy groups on b-CD were transformed into ATRP
initiation sites through an esterification reaction between
b-CD and a-bromoisobutyryl bromide with nearly 100%
conversion, as confirmed by 1H NMR spectroscopy (see the
Supporting Information, Figure S1), and 21-arm, star-like PS-
b-PtBA-b-PS was thus afforded (Figure S2). All of the as-
prepared star-like polymers exhibited monomodal gel per-
meation chromatography (GPC) traces (Figure S3) and
narrow Mw distributions (polydispersity index, PDI< 1.16).

Figure 1. Stepwise representation of the synthesis of low-band-gap HNPs with tunable
dimensions and surface chemistry with star-like PS-b-PAA-b-PS or PS-b-PAA-b-PEDOT triblock
copolymers as nanoreactors.
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Notably, symmetric peaks were observed in all GPC measure-
ments, suggesting that there is no intermolecular coupling
during the ATRP reaction. To obtain uniform HNPs, it is
critical to remove linear homopolymer PtBA (formed by the
second ATRP) side products from the star-like PS-b-PtBA
diblock copolymers by fractional precipitation using acetone
as the solvent and methanol/water as the precipitator (Fig-
ure S3b, c). The presence of linear PtBA homopolymer would
interfere with the NP formation, producing a large amount of
irregular structures. The tert-butyl substituents in the inter-
mediate PtBA block of star-like PS-b-PtBA-b-PS can be easily
hydrolyzed, thereby yielding amphiphilic star-like PS-b-PAA-
b-PS. The successful synthesis of unimolecular star-like PS-b-
PAA-b-PS nanoreactors was confirmed by DLS measure-
ments, which indicated their uniform size in dimethylforma-
mide (DMF; Figure S4).

The resulting star-like PS-b-PAA-b-PS triblock copoly-
mers were then utilized as nanoreactors for the synthesis of
uniform PbTe and PbS HNPs. The reactions were performed
in a mixed solvent composed of DMF/benzyl alcohol (DMF/
BA). Low-band-gap PbTe HNPs were first produced to
demonstrate the effectiveness of capitalizing on star-like PS-
b-PAA-b-PS as nanoreactors to yield uniform HNPs. The star-
like PS-b-PAA-b-PS triblock copolymers were first dissolved
in DMF/BA to form stable unimolecular spherical nano-
reactors. Separately prepared[29] PbTe precursors were added
into the star-like PS-b-PAA-b-PS DMF/BA solution, followed
by reflux at 160 88C. DMF is a good solvent for both PS and
PAA blocks whereas BA is a good solvent for PAA and a poor
solvent for PS. As a result, stable unimolecular micelles with
well-defined spherical shapes with expanded intermediate
PAA chains and collapsed inner and outer PS chains were
formed in the mixed DMF/BA. The precursors were selec-
tively partitioned into the hydrophilic PAA regime, which can
accommodate a large volume of precursors owing to the
expanded PAA chain conformation, and the strong coordi-
nating interaction between the carboxylic acid groups of PAA
and the metal atoms of the PbTe precursors in the compart-
ment formed by the PAA blocks led to the nucleation and
growth of PbTe HNPs tethered with PS chains inside the
hollow interior and on the outside of the HNPs. As the outer
PS blocks are originally covalently connected to the inter-
mediate PAA blocks, the surface of a PbTe HNP is intimately
and permanently capped with PS blocks, which leads to good
solubility in various common organic solvents (polar and non-
polar solvents).

A representative transmission electron microscopy
(TEM) image of the PbTe HNPs with an average hollow
interior diameter Dhollow = 3.5: 0.2 nm and a shell thickness
tshell = 2.8: 0.2 nm crafted by exploiting star-like PS-b-PAA-
b-PS nanoreactors (sample A in Table S1) is shown in Fig-
ure 2a. The existence of the hollow interior in the PS-capped
PbTe HNPs is clearly evident from the brightness of the
center of each individual HNP (HRTEM imaging; Figure 2a,
inset). The lattice spacing is consistent with the (220)
interplanar distance of 0.23 nm of face-centered cubic PbTe.
The formation of the hollow interior can be ascribed to the
fact that the inner PS blocks do not possess functional groups
for coordination with the metal moieties of the PbTe

precursors and thus only serve as a nanoscopic scaffold. As
noted above, owing to the controlled living nature of the
ATRP, the molecular weights of the inner PS and the
intermediate PAA blocks and thus the diameter of the
hollow interior and the thickness of the PbTe shell of the PbTe
HNPs can be readily tuned by varying the ATRP time of the
inner PS and intermediate PtBA (later hydrolyzed into PAA)
blocks, respectively. PbTe HNPs with different dimensions
(Dhollow = 1.8: 0.2 nm and tshell = 4.6: 0.4 nm), which were
prepared by using different star-like triblock copolymers as
nanoreactors (sample B in Table S1), are shown in Figure 2b.
Note that the lattice spacing is again consistent with the (200)
interplanar distance of 0.32 nm.

To further substantiate that the formation of HNPs was
structure-directed by the intermediate hydrophilic PAA
blocks, two control experiments were conducted with star-
like PS-b-PtBA-b-PS and linear PS-b-PAA-b-PS triblock
copolymers as nanoreactors to grow HNPs. Obviously,
compared to the carboxylic acid groups of PAA, the tert-
butyl groups in the PtBA sections of the star-like PS-b-PtBA-
b-PS triblock copolymers cannot selectively sequester pre-
cursors dissolved in DMF/BA owing to the lack of ability to
coordinate with the metal moieties in the PbTe precursors.
Consequently, PbTe structures with irregular morphologies
were obtained (Figure S5 a). On the other hand, the use of
linear PS-b-PAA-b-PS block copolymers also failed to
produce HNPs as the linear copolymers were not able to
form thermodynamically stable micelles at 160 88C (because of

Figure 2. TEM images of PS-capped PbTe HNPs with a) a hollow
interior diameter of Dhollow = 3.5:0.2 nm and a shell thickness of
tshell = 2.8:0.2 nm (inset: HRTEM of PbTe HNPs), and
b) Dhollow = 1.8:0.2 nm and tshell =4.6:0.4 nm (inset: HRTEM of PbTe
HNPs), crafted by capitalizing on star-like PS-b-PAA-b-PS polymers as
nanoreactors. The white circles in the insets are for guidance only and
indicate the shell thickness of the HNPs.
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dissociation of the micelles at high temperature). Only
aggregates were thus observed (Figure S5b).

It is notable that conventional synthetic approaches to
metal chalcogenide NPs require temporally discrete homo-
genous nucleation induced by hot injection of reagents,
followed by steady crystallite growth upon re-heating, thereby
leading to the formation of metal chalcogenide NPs.[22]

According to classical nucleation theory, there is a critical
radius above which the growth of nuclei is energetically
favorable. Clearly, the growth of HNPs invokes a higher
thermodynamic energy barrier that is due to the creation of
an interior surface. Thus nuclei with hollow interiors tend to
spontaneously dissolve back to solution. In other words, the
formation of nuclei with hollow interiors is thermodynami-
cally unfavorable. As a result, conventional approaches (e.g.,
Kirkendall effect, galvanic replacement, chemical etching)
usually involve the synthesis of sacrificial solid nanocrystals
with positive curvature, followed by post-synthesis proce-
dures (e.g., oxidation, etching) to transform the solid core into
a hollow interior (to create a negative curvature inside the
HNPs). The energy barrier that is due to the creation of the
hollow interior can thus be mediated by this two-step process,
enabling the thermodynamically favorable conversion of solid
NPs into HNPs.

In stark contrast to the approaches described above, our
nanoreactor strategy can circumvent the classical nucleation
issue associated with the formation of HNPs by utilizing
amphiphilic star-like PS-b-PAA-b-PS triblock copolymers as
nanoreactors to template the growth of PbTe confined in the
compartment populated by the intermediate PAA blocks and
to eventually form PbTe HNPs in a one-step process,
obviating the need for any sacrificial
templates. It is important to note that the
dispersion of PbTe HNPs can be stabilized
by the presence of the PS chains tethered
onto the surface of the HNPs. This was
substantiated by the observation of floc-
culation in a PbTe HNP toluene solution
when a non-solvent (ethanol) for PS was
introduced into the solution (Figure S6e).
In addition, as most trialkylphosphine
compounds are non-polar, the solid PbTe
NPs prepared by conventional approaches
display very poor solubility in polar
organic solvents,[22] such as DMF, dimethyl
sulfoxide (DMSO), and dimethylaceta-
mide (DMA). It is not surprising that
because of the excellent solubility of PS in
a wide range of organic solvents, as-
synthesized PS-capped PbTe HNPs pos-
sess superior solubility and stability not
only in non-polar solvents (e.g., chloro-
benzene, toluene; Figure S6 a, b), but also
in polar solvents (e.g., DMF, DMA; Fig-
ure S6c,d).

Figure S7 a depicts the X-ray diffrac-
tion (XRD) profile and SAED pattern of
PS-capped PbTe HNPs synthesized with
star-like PS-b-PAA-b-PS as the nanoreac-

tor (sample A in Table S1). The diffraction peaks can be
indexed to the face-centered cubic phase of PbTe, and are
consistent with the standard XRD profile of bulk PbTe. The
broadening of the diffraction peaks can be ascribed to the
small crystalline size of the resulting PbTe HNPs. The
corresponding energy dispersive X-ray (EDX) analysis (Fig-
ure S7b) further confirmed that the atomic ratio of Pb to Te
was 1:1.

Notably, by judiciously designing the outer polymer
blocks, a variety of functional polymers (e.g., conjugated
polymers) can be placed on the surface of the HNPs as
ligands, which leads to great surface chemistry tunability. To
the best of our knowledge, there are currently no strategies
for the one-step synthesis of HNPs tethered to semiconduct-
ing ligands. Compared to classical routes towards molecular
metal chalcogenide complexes, which are based on the use of
highly toxic and explosive hydrazine,[30] our approach offers
a hydrazine-free method that maintains both the complete
functionality of the semiconducting ligands and the colloidal
stability of the low-band-gap HNPs.

In this context, we crafted conjugated-polymer-capped
PbTe HNPs by employing the star-like PS-b-PAA-b-PEDOT
triblock copolymers as nanoreactors. Specifically, star-like PS-
b-PtBA-N3 was synthesized by sequential ATRP of St and
tBA, followed by post-polymerization SN2 reactions of the
terminal bromine groups with NaN3. The success of the
azidation reactions was confirmed by the appearance of
a band at 2100 cm@1 in the FTIR spectrum, which is
characteristic for the stretching of an -N3 group (Figure S8 a).
The success of the click reaction was confirmed by the
emergence of the absorption peaks of PEDOT in the visible

Figure 3. a) TEM image and b) XRD profile of PbTe HNPs capped with conjugated PEDOT
with tshell =3.1:0.3 nm and Dhollow =3.2:0.3 nm crafted by employing star-like PS-b-PAA-b-
PEDOT as nanoreactors. The blue lines represent the standard XRD pattern of bulk PbTe.
Inset: SAED pattern of PEDOT-capped PbTe HNPs. c) TEM image and d) XRD profile of PS-
capped PbS HNPs with tshell =2.9:0.2 nm and Dhollow =3.6:0.2 nm crafted by utilizing star-
like PS-b-PAA-b-PS as nanoreactors. The blue lines represent the standard XRD pattern of
bulk PbS. Inset: SAED pattern of PS-capped PbS HNPs.
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region (Figure S9).[31] Similar to the synthesis of PS-capped
PbTe HNPs, the PbTe HNPs with PEDOT caps were crafted
using sample C in Table S1 as the nanoreactor. A TEM image,
XRD profile, and SAED pattern of the PEDOT-capped PbTe
HNPs (Dhollow = 3.2: 0.3 nm and tshell = 3.1: 0.3 nm) are
shown in Figure 3a and b. Clearly, the change in the surface
ligands from insulating PS to conjugated PEDOT did not
affect the HNP morphology, signifying that our star-like block
copolymer strategy imparts good surface ligand tunability
while maintaining HNP morphology. EDX analysis con-
firmed the 1:1 ratio of Pb and Te (Figure S10a). The ability to
stably tether conjugated polymers onto low-band-gap NPs
provides opportunities for their use in thermoelectric devices
and solar cells and obviates the need for ligand exchange of
insulating ligands with conjugated polymers as in copious past
studies. Notably, as the surface chemistry was rendered
tunable by a click reaction between conjugated PEDOT and
star-like PS-b-PtBA diblock copolymers (Figure 1), we envi-
sion that a diverse range of other conjugated polymers (e.g.,
poly(3-hexylthiophene)) can be readily grafted to eventually
yield PbTe HNPs capped with different conjugated polymers
of interest for potential applications in optoelectronic devices.

Aside from its possibilities for HNP surface tuning, our
nanoreactor strategy is robust and enables the crafting of
other lead chalcogenide HNPs (i.e., PbS). PbS HNPs were
produced by using star-like PS-b-PAA-b-PS copolymers as
the nanoreactors (Figure 3c; Dhollow = 2.9: 0.2 nm and tshell =

3.6: 0.2 nm). The structure and chemical composition of the
resulting PS-capped PbS HNPs were confirmed by XRD
(Figure 3d) and EDX (Figure S10b) analysis, respectively,
and their growth mechanism is similar to that of the PS-
capped PbTe HNPs.

Interestingly, the presence of negative curvature exerted
an influence on the absorption spectrum of the HNPs. It is
well-known that a reduction in the NP size increases the
fraction of surface atoms, which have lower coordination
numbers (CNs) than the atoms located in the core of NPs. The
most pronounced distinction between HNPs and solid NPs is
the increase in the fraction of uncoordinated atoms owing to
the presence of the hollow interior, leading to a decrease in
the average CN of an individual HNP. The optical band gap,
which originates from the crystal potential, is dependent upon
the first Fourier coefficient of the crystal field, which is
proportional to the average cohesive energy per bond.[32] The
decrease in the mean CN of an individual HNP as a result of
the hollow interior causes an increase in the average cohesive
energy per bond, which in turn leads to an increase in the
optical band gap of the resulting lead chalcogenide HNPs.
The blue-shift of the absorption band (Figure 4) can be semi-
quantitatively rationalized by Equation (1).[32,33]

DEg R; rð Þ ¼ Eg Bð Þ
%

zb

hzi tin
ffiffiffiffiffiffiffiffiffi
zin;B
p @ 1
E Cþ tout

ffiffiffiffiffiffiffiffiffiffiffi
zout; B
p @ 1
E Cþ 1

@ >
@ zb

hzi ½t
ffiffiffiffiffiffiffiffi
zs; B
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E Cþ 1A

$ ð1Þ

A detailed explanation of each individual parameter can
be found in the Supporting Information. Based on this
equation, it is predicted that DEg R; rð Þ > 0,[32, 33] suggesting an

increased optical band gap for HNPs, and thus a blue-shift in
the absorption maximum for HNPs compared to their solid
counterparts. The PbS HNPs prepared with copolymer nano-
reactors experimentally confirmed this prediction for lead
chalcogenide HNPs.

In summary, we have developed a viable strategy based on
the use of star-like triblock copolymer nanoreactors for the
synthesis of uniform low-band-gap lead chalcogenide HNPs
with readily and independently tailorable dimensions (diam-
eter of the hollow interior and shell thickness), compositions
(PbTe and PbS), and surface chemistry (capping with hydro-
phobic PS or conjugated PEDOT), which are not easily
accessible by conventional approaches. The growth of lead
chalcogenides is facilitated by the strong coordination
between the PAA blocks and the metal atoms of the
precursors. Importantly, compared to solid NPs with the
same external diameter, lead chalcogenide HNPs exhibited
an absorption maximum blue-shift that is due to the hollow
interior, which is in good agreement with theoretical pre-
dictions. Clearly, the star-like triblock copolymer nanoreactor
strategy may enable the synthesis of an exciting, virtually
unlimited variety of uniform polymer-capped HNPs of differ-
ent sizes, materials, and surface functional ligands. As such, it
represents a general and robust strategy for producing
functional low-band-gap HNPs and exploring how internal
(e.g., dimension, composition, and surface ligand) and
external (e.g., light, pH, temperature, and magnetic and
electric fields) parameters influence the physical properties of
HNPs and their assemblies for a wide range of applications in
solar energy conversion (e.g., quantum dot solar cells, light-
emitting diodes, and near-IR photodetectors), thermoelectric
devices, batteries, sensors, and bioimaging.
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