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ABSTRACT: An understanding of the hierarchical nanostructure formation is of signiﬁcant importance for the
design of advanced functional materials. Here, we report
the in situ study of lead sulﬁde (PbS) growth on gold (Au)
nanorod seeds using liquid cell transmission electron
microscopy (TEM). By tracking the formation dynamics
of Au−PbS core−shell nanoparticles, we found the
preferential heterogeneous nucleation of PbS on the ends
of a Au nanorod prior to the development of a complete
PdS shell. During PbS shell growth, drastic sulﬁdation of Au
nanorod was observed, leading to large volume shrinkage
(up to 50%) of the initial Au nanorod seed. We also captured intriguing wavy interfacial behavior, which can be explained
by our DFT calculation results that the local strain gradient at the core−shell interface facilitates the mass transport and
mediates reversible phase transitions of Au ↔ Au2S during the PbS shell growth.
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Liquid cell transmission electron microscopy (TEM),
allowing direct observation of rich dynamics of colloidal
nanoparticle growth and self-assembly in liquids,13−17 provides
an opportunity to study the interfacial dynamics of core−shell
nanostructures in real time. Here, we use gold−lead sulﬁde
(Au−PbS) as a model system, where the synergetic eﬀects of
the gold surface plasmon resonance and the infrared absorption
of lead sulﬁde provide the possibility to tune the Au−PbS
core−shell nanostructures for various potential optoelectronic
applications.11 To develop a better understanding of the
metal−semiconductor interfaces and the heterogeneous growth
mechanisms, we investigated Au−PbS hybrid nanostructure
formation in liquid (Figure S1). By tracking the growth
trajectories of lead sulﬁde on a gold nanorod seed, we have
observed unique growth dynamics, including the volume
shrinkage of core particle and interfacial strain-driven mass
transport and phase formation.

etal−semiconductor core−shell nanostructures have
attracted a lot of attention due to their potential
applications in optoelectronic devices.1 Typically,
the metallic core improves charge separation and enhances
absorption of light in the semiconductor during photo
stimulation,2 thus increasing the photocatalytic activity and
the light harvesting eﬃciency of the semiconductor. When we
tailor the diﬀerences in work function of the metal and
semiconductor components and tunecore−shell nanostructures
during synthesis, such as shell thickness and conﬁguration of
core and shell, improved synergetic performance may be
realized. In addition, the interfacial structure may signiﬁcantly
inﬂuence the electronic properties of core−shell nanoparticles.3
Over the past decade, a wealth of noble metal−semiconductor core−shell nanostructures,4 such as Ag−Cu2O,5
Ag−TiO2,6 Au−Cu2O,7,8 Au−TiO2,9 Au−SnO2,10 Au−PbS,11
CoPt−CdSe,12 etc., have been synthesized for potential
applications in optics, electronics, and catalysis. Nevertheless,
some fundamental questions regarding the core−shell hybrid
nanostructure formation remain to be addressed. For instance:
How does the shell form initially, a uniform layer or an island?
How does the core−shell interface evolve during shell growth?
The answers to these questions may assist the future design and
control of speciﬁc heterogeneous nanostructures.
© 2016 American Chemical Society
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Figure 1. Heterogeneous nucleation and growth of lead sulﬁde on a gold nanorod. (a) TEM sequential images taken from Movie S1 and the
corresponding schematic diagrams of the growth of a PbS shell on a gold nanorod. The white dashed lines on the TEM images deﬁne the
contour of the original Au nanorod. (b) Length and width changes of gold nanorod during growth. (c) Dimension evolution of the shell
thickness along three directions shown in (a).

Figure 2. Interfacial structure and dynamic movement during core−shell nanoparticle formation. (a) Contours of the Au nanorod core,
showing the evolution of core−shell interface (Movie S1). t stands for time. (b) HRTEM image of the Au−PbS core−shell interface. (c) FFT
pattern from the dash frame areas in (b). (d) The corresponding inversed FFT images which indicate the three diﬀerent phases in (b).

RESULTS AND DISCUSSION

that the sulﬁdation reaction of Au nanocrystal has taken place
on the surface (see detailed analysis of the interfaces in the later
section). Subsequently, a thin layer of material with lighter
contrast (i.e., PbS; detailed analysis has been provided in a later
section) appears at one end of the Au nanorod (see TEM

The growth of PbS shell on a Au nanorod seed is captured in
real-time, as shown in Figure 1a (also see Movie S1). At the
early stages of reaction, Au nanorod slightly shrinks, indicating
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image at 66.5 s). At 81.5 s, both ends of the Au nanorod are
covered by PbS. The continuous growth of PbS leads to a
faceted dumbbell-shape, and the width and length of the Au
nanorod are reduced about 15% and 5%, respectively (Figure
1b). Subsequently, the shell becomes more uniform while the
Au nanorod continues shrinking. At 283.5 s, a smooth PbS shell
with a thickness of 15−20 nm is achieved; the Au nanorod
becomes much thinner with volume shrinkage of about 50%
compared to the initial seed. We track the facet evolution of the
PbS shell at one end of the nanorod, which shows relatively fast
growth in the direction perpendicular to (110) and (100) facets
resulting in the clear appearance of (111) facets (Figure 1c). It
is noteworthy that a great number of homogeneously nucleated
PbS nanoparticles serve as building blocks for the PbS shell
construction via aggregative growth (Movie S2 and Figure S2).
During the Au−PbS core−shell nanostructure formation,
dynamics of the core−shell interface evolution is also observed
(Figure 1a). The marked triangles in Figure 2a highlight the
pits at the interface displaying interfacial movement during the
core−shell nanostructure growth and mass exchange across the
interface. By tracking a series of Au nanorod contours as shown
in Figure 2a, we ﬁnd that the average rate of movement is about
0.19 nm/s. Figure 2b shows the high-resolution TEM image of
the Au−PbS core−shell structure, where three diﬀerent regions,
i.e., in the core, at the interface, and in the shell, are highlighted.
Figure 2c displays the corresponding fast Fourier transform
(FFT) pattern of the TEM image in Figure 2b, where the blue
circles include both PbS and Au phases and the red circles
demonstrate a possible stable phase of gold sulﬁde, i.e.,
Au2S.18−20 Accordingly, three diﬀerent phases, i.e., Au, Au2S,
and PbS, displayed by the inversed FFT images, are identiﬁed
in the core area, at the interface, and in the crystal shell,
respectively.
In addition to the experimental observations, there is
theoretical evidence suggesting that the formation of gold
sulﬁde at the interfaces is favorable.20,21 We perform ﬁrstprinciples calculations of the formation energy of three phases,
i.e., Au, Au2S, and PbS (Supporting Text and Figure S4). On
the basis of our calculation, PbS is the most stable phase among
all investigated phases in the Pb−Au−S system with the lowest
formation energy of −543 meV/atom. We found that the
formation energy of Au2S is 124 meV/atom lower than that of
Au metal in the equilibrium/unstrained state, indicating that
formation of Au2S phase is thermodynamically preferred than
formation of Au.22
Moreover, during the growth of shell on a core, strain can
gradually build up around the interface.23−26 It has been
reported that the lattice strain can cause phase transformation
in the Pt/Au core/shell nanocrystal,26 and the interfacial strain
gradient can facilitate the oxidation of Fe nanoparticles
conﬁned in an iron oxide shell.23 We then examined the strain
ﬁeld at the core−shell interface by the Geometric Phase
Analysis (GPA),23,27−29 based on the high-resolution TEM
images of the core−shell particles. The geometric phase
obtained here is related to one-dimensional lattice displacement
ﬁeld ux(r) along the x direction, where ux(r) = −(1/2π)Pg(r)g,
and the g vector (220) of PbS was used for the displacement
ﬁeld determination. The corresponding strain ﬁeld (εx), given
by the gradient of the displacement ﬁeld along the x direction
(εx = δux(r)/δx), indicating the local distortion of the lattice
around the core−shell interface. As a result, an obvious strain
gradient can be identiﬁed around the interfacial grain boundary
(see Figure 3). We consider that the local strain generated from

Figure 3. Strain map at the interfaces of Au−PbS core−shell
particles. (a and b) High-resolution TEM images of the Au−PbS
core−shell interfaces and the corresponding strain ﬁeld (εx)
calculated from the (220) Bragg reﬂection of the PbS shell by
geometric phase analysis (GPA). The yellow arrows mark at the
interface to guide the eye; the white dash line in (b) indicates
core−shell interface.

the PbS shell growth may have facilitated the mass transport
and phase transitions at the interface, which results in the wavy
interfacial dynamics as shown in Figure 2a.
It is worth to mention that, for the epitaxial growth of PbS
layers on the Au nanorods, two conﬁgurations with PbS (220)
on Au (200) plane were observed, i.e., parallel to the long axis
of the Au nanorod (Figure 2, and Figure S3) and perpendicular
to the long axis of the Au nanorod (Figure 3). Since the former
growth conﬁguration involves complex lattice mismatch in
three-dimensional orientations adding complexity for the
computation, we performed DFT calculations based on the
second growth conﬁguration (Figure 4a) to understand the role
of local strain in the mass exchanges at core−shell interfaces.
We calculated the formation energy30 vs biaxial strain for Au
and Au2S phases across the core−shell interface (Figure 4b and
Supporting Text). Due to the higher stiﬀness of the PbS crystal,
the softer core crystal lattice that is coherent with the stiﬀer PbS
lattice can be strained (see more discussion in Supporting
Text). Taking the strain energy into consideration, the relative
thermodynamic stability between Au and Au2S varies, and a
tipping point of Au−Au2S phase transition emerges, where the
formation energy curves of Au and Au2S cross over at ∼4.20 Å,
corresponding to 1.8% compressive strain with respect to the
PbS equilibrium lattice parameter (4.26 Å) and 0.7% tensile
strain with respect to Au equilibrium lattice parameter (4.17 Å).
Since the formation energy variation between Au and Au2S
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continues being sulﬁdized (Figure S5c), indicating further
diﬀusion of S2− ions into the Au nanocrystal, which is enhanced
by the tensile strain exerted on the core.23 As the Au2S phase
forms during PbS shell growth, the interdiﬀusion between Pb
and Au ions occurs; thus, a PbxAuyS intermediate phase can be
achieved at the interfaces (as indicated by the white outline in
Figure S5c and the extra FFT diﬀraction spots in Figure S3a),
which may reduce the strain thus the interfacial energy.
For the control experiment, we added extra surfactant of
CTAB into the solution precursor. As shown in Figure 5, when

Figure 4. DFT calculation of the strain-driven phase transitions at
the core−shell interface. (a) An atomistic model of the core−shell
structure for the DFT calculation, which shows epitaxial growth of
PbS (220) to Au (200) plane. (b) Formation energy of PbS, Au2S,
and Au under biaxial strain based on the structure model shown in
(a). The atomistic crystal structures of each material are inserted to
demonstrate the structures of three materials. The Au ↔ Au2S
phase transition point (4.20 Å) as well as the equilibrium lattice
parameters of fcc-Au (4.17 Å) and PbS (4.26 Å) are marked in the
ﬁgure with dashed lines.

phases around the tipping point is small (∼25 meV/atom
between 4.17 and 4.26 Å), the phase transition between Au and
Au2S is energetically easy, and subtle local strain variations may
trigger the Au ↔ Au2S phase transitions. As the PbS shell
grows, the Au core lattice tends to be stretched, which
facilitates the formation of Au2S. Once the Au2S phase forms, it
is strained at the PbS equilibrium lattice parameter (4.26 Å). If
the local compressive strain on Au2S is increased (i.e., lattice
mismatch with PbS, defects31 or electron beam eﬀects20), the
Au2S could transform back to Au. Therefore, complex
interfacial phenomena, such as large interfacial wavy motion
in the growing core−shell nanostructure and selective
sulﬁdation of Au nanorods, may occur during the core−shell
nanostructure development where the strain gradient across the
core−shell interface could facilitate the local phase transition
and mass transport.23
On the basis of real-time observation and ex situ analysis, we
propose a possible mechanism for the formation of Au−PbS
core−shell nanostructures (Figure S5). Initially, upon electron
beam irradiation, sulfur ions (S2−) are released from the sulfurcontaining source (TAA) into the solution (Figure S5a). These
sulfur ions may react with the Pb2+ ions immediately, resulting
in homogeneous nucleation of PbS nanoparticles in the
solution (Movie S1). As to the heterogeneous nucleation, it
is known that the as-synthesized Au nanorods are typically
encapsulated by a bilayer of surfactant CTAB,32,33 which makes
the surface of Au nanorod positively charged.32 Therefore, the
negatively charged S2− ions can approach the Au nanorods
leading to sulﬁdation of the Au nanorods (Figures S5b and S6).
In addition, it is found that the as-obtained Au nanorods are
single crystalline with their side surfaces dominated by the
{100} and {110} facets, and the nanorods ends terminated with
the {111} facets.34,35 It is expected that fewer CTAB ligands are
absorbed on the {111} facets, which have weaker interaction
with CTAB than the side facets of the nanorods.36 In addition,
the high curvature and relatively smaller facets on the Au
nanorod ends might also promote the nucleation of gold sulﬁde
on the nanorod ends. Consequently, the sulﬁdation of the Au
nanorod takes place preferentially at the ends of a nanorod
(Figure S5b). During the growth of PbS shell, the Au nanorod

Figure 5. Eﬀects of the CTAB surfactant on the heterogeneous
growth of PbS on Au nanorods. (a) Heterogeneous nucleation and
growth of PbS nanocrystals on a Au nanorod, when 150 μL of
CTAB (0.5 M aqueous solution) is added. The red triangles
indicate a PbS nanoparticle that grows into a rod shape, which is
likely due to the surfactant eﬀect. (b) HRTEM image of the asgrown single-crystal PbS nanocrystal on Au nanorod.

150 μL of CTAB (0.5 M aqueous solution) is added,
heterogeneous nucleation and growth of single-crystal PbS
nanocrystals on the Au nanorod are observed (Movie S3). It
shows that PbS nuclei initially wet on the Au surface and it
forms nanocrystals gradually. When 300 μL of CTAB (0.5 M
aqueous solution) was used, PbS dendritic structure was
achieved (Figure S7). The lack of a continuous PbS layer
formation can be attributed to the high concentration of
surfactants absorbed on the Au nanocyrstal surface.36
We conclude that the growth of Au−PbS core−shell
heterostructures can be achieved by controlled solution
chemistry during synthesis. The in situ observation allows the
understanding of core−shell heterostructure formation, which
enables feasible avenues for advanced materials design and
engineering so that multifunctional hybrid nanostructures with
modiﬁed properties can be obtained by tuning the structure of
the core, shell, and core−shell interface.37−39

CONCLUSIONS
In summary, real-time imaging of the Au−PbS core−shell
nanostructure growth was achieved using liquid cell TEM.
Sulﬁdation of Au nanorods takes place prior to the PbS
deposition, during which Au2S phase is formed. The sulﬁdation
reaction occurs preferentially at the ends of the nanorod and
later it develops into a core−shell nanostructure. During the
growth of PbS shell, the continuous sulﬁdation of Au nanorod
leads to a large volume shrinkage up to 50% of the initial Au
nanorod. Rich interfacial dynamics during the Au−PbS core−
shell nanostructure formation has been observed. Driven by the
interfacial strain gradient ﬂuctuation, reversible phase transitions of Au ↔ Au2S may happen across the core−shell
interface, where a tensile strain facilitates the Au2S formation
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and a compressive strain may drive Au2S back to Au metal. This
study sheds light on the future control of advanced functional
hybrid nanostructures.
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Liquid Cell TEM Sample Preparation. All chemicals and
materials including lead(II) acetate (Pb(CH3COO)2), thioacetic acid
(TAA), triethylene glycol (TEG), isopropyl alcohol (IPA), and
cetyltrimethylammonium bromide (CTAB) were purchased from
Sigma-Aldrich and used as received. Gold nanorods with diameter of
∼40 nm and length of ∼160 nm were purchased from Nanopartz, Inc.
The deionized water was produced by Mili-Q integral water
puriﬁcation system. The primary precursor solution for the growth
of lead sulﬁde was prepared by mixing 250 μL of Pb(CH3COO)2
aqueous solution (0.05 M), 250 μL of TAA aqueous solution (0.05
M), 150 μL of TEG, and 50 μL of IPA. The pH value of the solution
was tuned below 3 by using acetic acid before loading into the liquid
cell. To examine the eﬀect of CTAB on the growth of the Au−PbS
hybrid nanostructure, 150 and 300 μL of CTAB aqueous solution (0.5
M) were added into the primary solution for the in situ growth (Figure
S1). The in situ growth and imaging of the Au−PbS hybrid
nanostructures was carried out in homemade liquid cells, where the
liquid precursors were sandwiched between two ultrathin silicon
nitride membranes. The Au nanorods were loaded into the liquid cell
ﬁrst, followed by the loading of the precursor solution. The liquid cell
was sealed for in situ TEM experiments.
In Situ and ex Situ TEM Imaging. The in situ growth of lead
sulﬁde was initiated by the electron beam in a JEOL 3010 TEM
operated at 300 kV (thermionic electron source with a LaB6 cathode).
A Gatan Orius 833 CCD camera was used for high-throughput in situ
imaging. The electron beam (with beam dose rate of 300 e−·Å−2·s−1)
passed through the silicon nitride window (1 × 50 μm2), and induced
the growth of lead sulﬁde on the gold nanorod seed. In situ movies
were recorded at a rate of 30 frames/s by the open-sourced software
VirtualDub embedded in the DigitalMicrograph software. Ex situ highresolution TEM (HRTEM) images were acquired on 200 kV FEI F20
UT Tecnai TEM.
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(27) Hÿtch, M.; Snoeck, E.; Kilaas, R. Quantitative Measurement of
Displacement and Strain Fields from HREM Micrographs. Ultramicroscopy 1998, 74, 131−146.
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