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Rational synthesis and the structure-property
relationships of nanoheterostructures: a combinative
study of experiments and theory

Biao Xu!, Gang Zhou? and Xun Wang!

Nanoheterostructures (NHSs) that combine various nanomaterials into one entity have received an extensive amount of attention
in current research. The enhanced performance of the NHSs over their individual constituents have arisen from their unique
electronic structure. To rationally synthesize NHSs, two issues need to be addressed. The first issue that should be explored is
the mechanism by which the disparate components are integrated into the main structure. The second issue is the relationship
between the NHS and its corresponding properties. In this review article, we will focus on these two issues from the perspectives

of both experimental and theoretical methodologies.
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INTRODUCTION
Nanoheterostructures (NHSs), defined as the integration of two nano-
sized segments into one entity,! have attracted a tremendous amount
of attention in current research because of their structural complexities
and their potential applications in electronics,” optoelectronics,®
catalysis,” etc. The earliest mention of NHSs accompanied the nascent
stage of nanoscience, as exemplified by the core-shell noble metal or
metal chalcogenide (ME) nanoparticles (NPs), in the 1990s.8 Then, the
high-quality core-shell ME NPs® were further developed with the
advent of the synthesis of high-temperature organometallics that
created monodisperse NPs. The synthesis of island-grown NHSs
originated from noble-metal loaded metal-oxides (the first example
was Ag-ZnO) in 2004.10 Subsequently, it was extended to Au-CdSe!!
and other categories of functional materials, such as semiconducting
CdS-magnetic Fe,O3,'? plasmonic Au-magnetic Fe;04'® and magnetic
Fe,Oy-semiconducting TiO,.'* According to the electronic structure of
each unit, these NHSs were categorized as metal-metal,!® metal-
semiconductor'®! and semiconductor-semiconductor.!®!”  Until
recently, a series of complex NHSs, such as multi-component,'®
shape-controlled! or site-selective,?® appeared with judicious synthetic
manipulations such as wet-chemical (hot-injection, solvothermal) and
gas-phase techniques(atomic layer deposition (ALD), chemical vapor
deposition).* These advanced architectures served as attractive candi-
dates in a wide range of applications, integrating the functionality of
each unit and even evolving novel properties due to the charge carrier
reallocation through the nano-interface.

Many experimental methods have been utilized to study the
atomistic and meso-structures of NHSs, and these methods will be
discussed in the sections that follow. In parallel, density functional

theory (DFT) has become the most prevalent and accurate computa-
tional method used to explain the growth mechanism via atomistically
modeling hetero-interface and structure-property relationships via the
simulation of the electronic structures in NHSs. In this review article,
we will attempt to summarize the recent progress in the field of NHSs,
from the viewpoints of both the experimental and theoretical
methodologies. We will present both the basic theory and their
corresponding examples in this paper.

SYNTHETIC STRATEGIES, CHARACTERIZATION AND GROWTH
MECHANISMS OF NHSS: EXPERIMENTAL AND THEORETICAL
STUDIES

There have been many successes in the synthetic combination of
different types of materials to construct NHSs. The synthetic methods
are diverse and the as-obtained NHSs can be characterized through
various means. The underlying mechanisms by which they were
integrated were mainly based upon a thermodynamic viewpoint. Apart
from the thermodynamic concerns, the reaction kinetics also played
crucial roles in the development of NHSs. In the subsequent
paragraphs, we will present the various synthesis and growth
mechanisms as well as the characterization of the corresponding
examples of NHSs.

Synthetic methodologies of NHSs

The synthesis of NHSs usually involves a two-step, seeded growth
strategy. First, the base part (either constituent of the NHS) is
synthesized according to a certain method (either the liquid or gaseous
method). Then, the second constituent is further combined with or
deposited onto the as-obtained base material. As many excellent
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reviews'™ have discussed the synthetic strategies to construct the
nanoheterstructures, we will only briefly summarize them here. There
are two main types of synthetic methods to produce NHSs based on
the feed state of the raw precursors, namely, the liquid (wet chemical)
and the gaseous methods.
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Figure 1 (a) Enlarged ADF image of the analyzed area overlapped with the
crystal structure. (b) Calculated incident probe for the EELS and ADF
observations. (c) Core-loss images of La Njs.3! Copyright 2007, Nature
publishing group. (d) EELS spectra and (e) corresponding HAADF image of
the LaSrMnO-SrTiO3 multilayer.32 Copyright 2008, AAAS. HAADF STEM
images of the interfaces between (f) a Pt (111) substrate and a Fe304 (111)
film and (g) an oxide film and a supported Pt particle. (h) Intensity profiles
measured for the atomic columns in the first oxide layer over a Pt (111)
substrate (red), and underneath the Pt particle shown in image B (orange).
The intensity profile along the Kagomé layer in the bulk of the Fe304 (111)
film is shown for comparison (blue).33 Copyright 2014, Wiley-VCH.
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Wet chemical (liquid) methods. In the wet chemical methods, usually
a solution containing the precursors to be deposited is added into the
liquid dispersion of the as-synthesized base material. Then, the
reaction conditions (temperature, acid-base, etc.) are altered to trigger
the nucleation and subsequent growth of the second component onto
the substrate material, producing the colloidal NHS. In most cases,
three-neck flasks are used to conduct the two-step growths. A precursor
might also be added through the heat-up or hot-injection methods.
With this method, the shape, size and surface composition can be
regulated through the manipulation of reaction parameters such as
temperature, precursors, surfactants and ligands, which are similar to
those manipulated to fabricate single-component nanostructures.>"?2
Because the flask-based method is the most frequently used in the
synthesis of colloidal NHSs, we will not discuss representative
examples of this method and readers can refer to the excellent
resources available in the literature.>?

Moreover, if the synthetic system is sealed and the pressure tuned,
the hydrothermal (solvothermal) methods provide further possibilities
for tuning the NHS, especially by improving the crystallinity and
decreasing the defects under high-pressure conditions. There are some
excellent examples of the hydrothermal synthesis of NHSs. Myoung
et al.?® reported the hydrothermal growth of ZnO nanowire-Co30,
nanoplate heterostructures. Wang et al.>* synthesized a CdS-ZnIn,S,
NHS through the solvothermal treatment of Zn, In and S precursors
in a dispersion of CdS nanowires in ethylene glycol. Although the
closed feature of hydrothermal system excludes the hot-injection
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Figure 2 Atomic resolution tomography of a Au@Ag nanorod heterostructure.
(@) Three orthogonal slices through the reconstruction show the core-shell
structure of the nanorod. The atomic lattice can be resolved in all three
slices. (b, ¢) Detailed view of the slices through the reconstruction
perpendicular to and parallel to the major axis of the nanorod.3” Copyright
2013, American Chemistry Society.



strategy, hydrothermal synthesis provides a feasible and effective
alternative to the conventional open-flask system.

Gaseous methods. Apart from the liquid method, which produces
colloidal NHSs, gaseous methods are equally important as they also
offer powerful control on the size, shape and compositions of NHSs
through the regulation of the synthetic parameters.

Vapor deposition is a commonly used gaseous technique in the
growth of NHSs. This method can be grouped into two types, namely,
the physical vapor deposition (where only physical transformation
occurs) and chemical vapor deposition (where chemical reactions

occur during the growth). For example, Cao et al.?> used a physical
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evaporation of GeS powder to generate GeS vapor and then they
deposited this vapor onto a pre-existing GeS nanowire in the form of a
nanosheet at the cold end to synthesize a GeS nanowire-nanosheet
heterostructure. The utilization of chemical reactions offers diversified
pathways to obtain different heterostructures. For example, Jin et al.®
used PbCl, and S vapor as precursor for the chemical vapor deposition
growth of a PbS branched nanowire heterostructure. Yang et al.?” used
GaCls, InCl; and NHj as precursors to deposit GaN nanowires on
pre-existing Si nanowire arrays, obtaining a GaN nanowire-Si
nanowire NHS.

Similarly, ALD 28 is an atom-level vapor-phase deposition technique
that can create very thin layers of epitaxial growth. Heitz et al?’
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Figure 3 Different models of the heterogeneous nucleation and growth, (a) Franck van der Merwe; (b) Volmer-Weber;, and (c) Stranski-Krastanov regimes.?
Copyright 2010, Elsevier. Experimental data of the Au@Pd NHS, (d) XRD pattern of the Au nanooctahedra, (e) XRD profile of the Au@Pd NHSs, TEM images
of (f) the Au nanooctahedra, (g) and (h) the Au@Pd NHSs at different stages.3% Copyright 2008, American Chemical Society.
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Figure 4 (a) Interfacial model of the {222}(6 x6) Mg0-(6x6) Cu supercell.53 Copyright 2000, American Physical Society. (b) Interfacial model of the (8 x8)

Cu,0(001)-(9x9) Ti0»(001) slab.®* Copyright 2014, AIP publication.

- |

NPG Asia Materials



Rational synthesis and structure-property relationships of NHSs
B Xu et al

~

utilized ALD to deposit size-controlled Pt clusters onto a CdS
nanowire. The atomic number of the Pt cluster could be regulated
from Pt64 down to Pt8, which is difficult to execute utilizing
conventional vapor deposition techniques. Wang et al.>® controlled
the shape of deposited Pt to be pentagonal twinned in a Pt-TiSi, NHS
through ALD. Although the synthetic outcome is fascinating, the ALD
technique requires expensive instruments and time-consuming
operations.

Characterization of the interfacial configuration at atomic
resolution

As mentioned in the introduction section, many experimental
techniques have been utilized to study the atomistic and topological
structures of NHSs, such as transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM), scanning
electron microscopy (SEM), X-ray diffraction (XRD) and atomic force
microscopy (AFM). Other instrumental analyses can reveal the
electronic structures of NHSs, as exemplified by ultra-violet photo-
electron spectra (UPS), X-ray photoelectron spectra (XPS), scanning
tunneling microscopy and X-ray absorption spectra (XAS). Readers
can refer to the excellent reviews>? for specifics on these techniques.
In this paper, we focus on the recently developed techniques in the
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characterization of NHSs at the atomic resolution as an update in
this field.

As electron microscopy has developed, atomic resolution is now
achievable on commercial instruments. High angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) and
electron energy loss spectra (EELS) observations were conducted on
La; ,Sr; sMn,O; perovskite specimens at the sub-angstrom atomic
resolution level (Figures 1a and c).>! The HAADF image along the
[010] direction revealed the A-site La (Sr) atoms and the B-site Mn
atoms through a significant difference in the contrast. Two different
A-sites were also distinguishable. The EELS spectra further confirmed
the atom composition via the La Nys5, O, K, Mn and L3, peaks. This
study presented the possibility of directly observing a 2D projection of
the atomic crystal structure. Similarly, Muller et al3? conducted a
STEM-EELS study on the composition and bonding of the LaSrMnO-
SrTiO; multilayer (Figures 1d and e). In the STEM-EELS image, Ti
and La (Mn) atom columns at different sides of the interface were
clearly discerned.

Advanced electron microscopy techniques were recently utilized to
study the interface of a Fe;O4-supported Pt NP structure.’? In this
study, the Pt atomic columns were clearly observed and the Fe
Kagomé layer (3/4 monolayer) and the 1/4 monolayer were also

PRy B

Figure 5 (a-c) Cs-corrected HRTEM images of (a) Pt3Ni@Aug 5, (b) PtsNi@Auy, and (c) PtsNi@Aug NHSs. (d-f) Element mappings of (d) PtsNi@Aug s, (e)
PtsNi@Au, and (f) PtsNi@Aug. (g) Schemes on the atomic evolution from the octahedral PtNi3 to PtsNi@Mg (M=Rh, Au, Ag, Cu). (h) Schematic illustration
of the adhesion of Au atoms on the Pt surface.>® Copyright 2013, American Chemical Society.
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observed. Although the O atoms were hard to observe, the small
interface distance between the Pt and Fe layer excluded the presence of
an O layer in between (Figure 1f). The authors assumed that because
the work function of Fe;0, was smaller than Pt, the electrons would
flow from the Fe;O, to Pt, and therefore drive the cation (Fe) towards
the interface. The encapsulation of Pt by the FeO layers was also
directly observed. More importantly, they found that the interfacial
Fe-Pt distance of the Pt NP was larger than that in the Pt bulk
substrate, establishing the nano effect.

3D tomography is another technique that utilizes discrete pictures
to model the 3D topology of a nanostructure.>* Recently, a resolution
of 24A was obtained for Au single crystalline NP* and Pt
with twin boundaries. Some advanced algorithms,
such as the Compressive Sensing algorithm, were utilized to achieve
better resolution for Au nanorods (NRs). Strain fields could also be
measured. Furthermore, in the Au@Ag NHS (Figure 2),” the element
information could be determined by combing this information with
the information from EELS. Apart from the utilization of EELS to
discern the elemental distributions, energy dispersive X-ray (EDX) was
also feasible for use in the mapping of the 3D element distribution
when combined with electron tomography.®

nanodecahedra®®

Growth mechanisms of NHSs from the thermodynamic perspective
The formation of NHS involves the heterogeneous nucleation and
growth of B on A. In this process, the thermodynamics and kinetics
are both crucial and usually entangled.

©F

® Na LD §

Figure 6 Diagrams showing the interfacial structures after ionic relaxation.
(@) Interface A: (100) NaCl facet and fluorine-rich (100) NaYF, facet. (b)
Interface B: (100) NaCl facet and cation-rich (100) NaYF,; facet. (c)
Interface C: Sodium-rich (111) NaCl facet and (111) NaYF,; facet. (d)
Interface D: Chlorine-rich (111) NaCl facet and (111) NaYF, facet. The
interfaces A and B were viewed in the [010] direction; interfaces C and D in
the [110] direction.56 Copyright 2012, Wiley-VCH.
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First, we will discuss the thermodynamic models that describe how
a NHS is formed. In practical synthesis, the reaction environment
(solution, ligand) would significantly influence the thermodynamics of
the NHSs. Usually, as limited by theoretical modeling concerning the
reaction environment, vacuum modeling is used to address the
underlying growth mechanisms.

In addition to the thermodynamic issues, the reaction kinetics will
be discussed later in Section ‘Growth Mechanisms of NHSs:
ReactionKinetics’.

Phenomenological thermodynamic models. 'The most concise although
approximate models on the heterogeneous growth of B on A have
been derived from the epitaxy models utilized in the semiconductor
industry.? This model is based on the interface energy and the related
wettability of B on A (Figures 3a and c). The wetting model at a liquid
(gas)-solid-solid interface is expressed in terms of the interfacial strain.
The thermodynamics on the interfacial wettability depends on the
total Gibbs free energy change, which is defined in equation (1):

AGs =91 — 7y, + 71, (1)

where v, and vy, are the surface energies of the respective materials, A
and B, and vy, is the solid/solid interfacial energy. It is necessary to
identify the surrounding environment, such as the gaseous state in
chemical vapor deposition and physical vapor deposition synthetic
protocols and the liquid states in the colloidal fabrications. There are
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Figure 7 (@) Cu 2p XPS spectra of Pd-Cu,0, Ag-Cu,O, and Cuy0
nanoconcaves. (b) Difference charge densities in the Ag-Cu,0 (left) and Pd-
Cup0 (right) nanoconcaves with the Ag/O- and Pd/O-terminal interfaces,
respectively. Blue and yellow areas represent the charge accumulation and
depletion, respectively. The isosurface value is 0.03 esA=3. Cu atoms are
denoted as brick-red, O as red, Ag as light blue, and Pd as cyan.5’
Copyright 2013, Wiley-VCH.
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primarily three modes of the interfacial growth. First, if AGs>0, B will
extend over A like a thin film and this is called the Franck—van der
Merwe mode (Figure 3a). Second, if AGg<0, B will extend over A like
isolated islands and this is called the Volmer-Weber mode
(Figure 3b). Third, under some circumstances where the condition
that AGg>0 is fulfilled at the initial stage and while the growth
proceeds, the interfacial mismatch increases and subsequently AGgbe-
comes smaller than zero, the second growth regime of the island
growth can also be observed and this is denoted as the Stranski-
Krastanov mechanism (Figure 3c¢).

The aforementioned three classical models were invoked to
explain the growth of noble metal NHSs by Tian et al?® They
described the synthesis of Au@Pd (Ag) core-shell nanocrystals
(Figures 3f and h), while Pt aggregated islands were grown onto
the Au octahedral core. With TEM, they observed the Moiré fringe
with a period of 3.55nm because of the differences in the lattice
constants of Au and Pd. In XRD, typical diffraction peaks of Au and
Pd were separately observed (Figures 3d and e). On the basis of the
experimental observations, they proposed a possible mechanism
based on the aforementioned classical models. To determine which
method would best describe the heterostructure that was formed,
several parameters were taken into account, namely, the atomic
radii, electronegativities and the bond dissociation energies between
the different atoms. Several rules were created as follows for the
core-shell NHS: first, the lattice mismatch between the two sections
should be less than 5% to ensure small interfacial strains; second,
the electronegativity of the core materials should be high enough
not to be oxidized by the shell precursors; and third, the binding
energies of the shell materials should be smaller than the
interfacial bonds.

Aside from the interface energetics, the atomic arrangements and
the inter-atomic interactions also played vital roles in the formation of

Figure 8 DFT calculations demonstrating that the Ru clusters prefer the b
planes (a) over the c planes of C49 TiSi, (b). The prediction is consistent
with the experimental observations by TEM from the top (c), where b planes
are parallel to the viewing direction. Inset: size distribution of the Ru
nanoparticles by a 100-cycle ALD growth. When viewed from the side (d),
where b planes are perpendicular to the viewing direction, no Ru
nanoparticles are seen on the c or a planes. Inset: high-resolution TEM
confirming the crystalline nature of the Ru nanoparticles.>® Copyright 2014,
American Chemical Society.
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NHSs. There are several phenomenological force models that describe
these issues. Point charge image interactions were used to model the
cohesion of a metal and an oxide interface.*’ The electrostatic force at
a distance z was depicted in equation (2), where q is the point charge
of an ion, and z, is the position of the image plane. However, this
model will not include information on the electronic structures.

E(z) = —q"/4(z — 29) (2)
The electron counting rule is also a phenomenological model in which
the basic guidelines are based on an ‘octa electron rule’ that states that
all of the interface atoms tend to form a noble-gas-like full or empty
valence electron shell.!

Quantum mechanical models. Quantum mechanical approaches were
attempted by Noguera and Bordier in 1994,%? that utilized the jellium
model for the metal part and the tight binding model for the oxide
part. The band gap of the metal-oxide composite was described by the
self-energies of the anions, E,, and of the cations, E, and the ionicity
by the overlap integral p.

A self-consistent scattered-wave calculation was conducted by
Johnson and Pepper 1982.43 Different transition metals, such as Fe,
Ni, Cu and Ag, were brought into contact with alumina (modeled by a
small cluster, AlOg). This is the first paper that utilized a quantum
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Figure 9 (a) TEM image of the CdS nanowire-ZnIn,S; nanosheet NHS. (b—c)
TEM images and (d) SEM images of the nanowire/helical nanosheet NHS.
(e) EDX element mapping of Cd, Zn, In and S. (f) Schematic illustration of
the morphological evolution process.24 Copyright 2014, Wiley-VCH.



mechanical approach on the understanding of the bonding across a
metal-oxide interface. The d orbital of the metal was found to be
hybridized with the p orbital of the oxygen atoms in the alumina.
However, the AlOg cluster was too simple of an approximation of the
bulk ALOs;.

A semi-empirical atomic orbital method was used by Nath and
Anderson** to reexamine the results from Johnson and Pepper
with the 3d transition metals from Sc to Cu. Larger Al-O clusters
(Al;0;5)"°~ were modeled and some modifications were conducted
on the separation work.

However, neither Johnson nor Nath used a metal-oxide cluster that
can be found in semi-empirical slab methods. Alemany et al.*> used an
extended Hiickel model to calculate the adhesion of the transition
metal onto Al,O3 or AIN slabs, but the results were sensitive to the
assumptions. Equivalent tight-binding approaches were conducted by
Kohyama et al* on 3d or 4d metals on ALOs; or AIN. These
calculations also confirmed the qualitative pictures of the cluster-based
methods.

As computational hardware and DFT¥ developed, it became
possible to model solid crystal structures utilizing first principle
calculations. The interfacial structures in the NHSs also received

b <
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Figure 10 (a) HRTEM image and the FFT pattern of a CdS nanowire.
(b) HRTEM image of a ZnIn,S,4 nanosheet on a CdS nanowire. (c) Model of
the CdS-ZnIn,S4 NHS. (d) The atom configuration after DFT relaxation at
the interface, as viewed along the [100] axis, (e) the [001] axis and (f) the
[120] axis, where a slip along the [100] axis is denoted. Cd atoms are
denoted as green, S yellow, Zn blue and In brown.24 Copyright 2014, Wiley-
VCH.
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attention with DFT simulations. The details in the theorem and the
ways it were implemented can be found in the literature.*8

To obtain the growth mechanisms of the cohesion, we need to
collect the structural information of all the units at multiple length
scales from the atomic, meso and even macro levels. Conventional
characterization techniques of the nanostructures is also indispensable
in the realms of NHSs. First of all, TEM, AFM and SEM may provide
information on the steric morphologies and the sizes of the NHSs.
XRD, XPS, Mossbauer Spectra, XAS and Raman can observe details on
the crystallographic phases, atomic valence states and the composi-
tions. More importantly, HRTEM can reveal the lattice orientation
and epitaxial relationship in the NHS.

On the basis of the structural information and the orientation, we
can build an atomistic model of the interface in the NHSs. Even if the
epitaxial relationship is given by the HRTEM analysis, when combing
the two slabs, several critical issues should be considered, such as the
surface stoichiometry, the slab thickness and the coordination sites.
There are already many preceding studies that have provided instruc-
tions and basic concepts on the corresponding NHSs. The early studies
dealt with well-matched (relative mismatch<7%) 2D super cells
between the two constituents. The first study focused on SiC-TiC by
Lambrecht and Segall, 1992.4° At the interface, newly formed Si-Ti
bonds were found. Another early example involves the Ag/{100} MgO
interface,’® which is promising in supported catalysts. The initial Ag
atoms were posited to be located either on top of the Mg or O atoms
or on the hollow site. Ionic relaxation based on ab initio molecular
dynamics yielded the final atomic configurations. The work of the
adhesion was also provided in detail and it was correlated with the
experimental results on different modes of growth of Ag on MgO.
Similarly, other combinations of the metal-oxide interface were
investigated under the framework of DFT.312

As both the hardware and the algorithm have developed, the
combinations of two compounds with larger lattice mismatches have
been able to be modeled through the choice of large supercells. For
example, in the MgO/Cu cohesion, the ratio of the lattice parameter
was 7:6, and a {222}(6 X 6) MgO-(6x6) Cu supercell connection®
was adopted (Figure 4a). The authors suggested that the misfit
dislocation was possible because of the large distortion of the
interfacial atoms with respect to their original positions in the
disparate slabs. In a recent study of the Cu,O(001)-anatase TiO,
(001) interface (Figure 4b), a (8 x8) Cu,O(001)-(9x9) TiO,(001)
slab with ~10° atoms™* were relaxed and the final configuration
indicated the formation of a dislocation along the interface.

Recent progress in DFT modeling on the atomistic structure of NHSs. In
the following section, we will discuss some recent contributions from
the literature to illustrate how basic guidelines on DFT modeling on
the interfacial structure can shed light on the synthesis of NHSs.

First, because the interfacial adhesion energetics is the most
important and fundamental factor in NHSs, we will present several
examples on this issue.

Let us first consider the simplest combination, namely, the epitaxial
growth of Au on Pt;Ni NPs, which are both fcc structures.” In this
case, the symmetry and registry are conserved across the interface, and
only a slight lattice mismatch should be taken into account. This
seems to be a common condition such that complex explanation can
be avoided. However, in real NPs, the perfect crystal planes, which are
modeled by a vacuum slab, are usually not observed while some
puckered or corrugated planes, such as edges and steps, are present on
the interface. Li et al.>® reported the growth of Ni domains on concave
Pt;Ni nanooctahedra (Figure 5). The concaved Pt;Ni nanooctahedra
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were prepared by etching pre-existing PtNi nanooctahedra. The as-
etched concave structures were full of high-index, stepped surfaces on
its eight facets, as evidenced by TEM observations. Then, the stepped
surface of PtzNi was modeled by a high-index (221) slab. During the
secondary growth of the Ni domains, the initial stage was modeled by
the adhesion of a fresh Ni atom onto the different binding site of this
stepped facet.

Next, we will discuss a more complex situation wherein the two
components of the NHSs possess different symmetries. Yan et al.>®
reported the creation of NaCl-NaYF, NHS in an oleic acid-oleylamine
system (Figure 6). At first, a NaCl-truncated nanocube was synthesized
upon the reaction of sodium oleate and HCl. Then, NaYF; was
overgrown onto the (111) facets, namely the eight vertex of the
truncated NaCl nanocubes. Parallel to the interface were also the
NaYF, (111) facets. The (100) facets of the NaCl nanocube remained
clean. To explain why the NaYF, (100)-NaCl (100) conjunction was
not desirable, the authors compared the NaYE, (100)-NaCl (100) slab
with the (111) Il (111) slabs with different surface stoichiometries (Na,
Y-rich or F-rich). The interfacial energy was calculated to be related to
the chemical potentials of the Na ions. However, usually the (111) Il
(111) slab possessed the lowest interfacial energy, thus it predominated
in the connection possibilities. The authors also compared the nearest-

neighboring anions in these slab configurations, and they stated that
the anion-anion repulsion led to an energetic destabilization.

The metal-oxide interface is also an important type of the NHSs
where the metal and the oxide parts usually possess different crystal
symmetries. However, sometimes, along a certain zone axis, the crystal
planes of the two components might be able to be fit in 2D
translational periods. Li et al>’ synthesized Ag (Pd) on Cu,O
nanocube NHSs, and they found that the Ag (Pd) NPs were selectively
grown onto the {001} surfaces of the Cu,O substrate (Figure 7). In the
DFT modeling, the interface was modeled by an Ag (100) slab—Cu,O
(100) slab. In this case, the 2D cubic superlattices were well-matched,
as shown in Figure 5.

Finally, the toughest case occurs when the overgrown islands and
the substrate differ distinctly in symmetry and the slabs of the two
components become hard to match with each other, such as in the
case of Ru NPs on a TiSi, nanonet (Figure 8).>® The metallic Ru part
might be modeled as clusters and the semiconducting TiSi, as slabs.
Wang et al.’® synthesized Ru deposited on b planes of TiSi, nanonets.
In the DFT model, a Rusg cluster was deposited onto the a, b, ¢ slab of
the TiSi, nanonet and the adhesion energy was compared. The
adhesion energy order corresponded well with the experiment results.
A similar DFT explanation was obtained for the Pt-TiSi, NHSs.
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Figure 11 (a) A distorted monoclinic Ag,S (100) plane connects with the wurtzite CdS (001) plane, which served as the initial DFT model. (b) Elastic energy
of the rod as a function of the segment separation (center-to-center). (¢) Z-axis strain for the case of two mismatched segments at a center-to-center
separation distance of 14.1 nm (top) and 12.1 nm (bottom). The elastic interaction between the segments is greatly reduced for the separations >12.1 nm.
Arrows show the placement of the mismatched segments. The CdS rods used for the valence force field calculations (b and c) were 4.8 nm in diameter, with
two 4.8-by-4.0-nm lattice-mismatched segments. Effective elastic constants for the mismatched segments were from the ab initio calculations for the
monoclinic Ag,S.%9 (d) Visible and (e) NIR PL spectra at |=400- and 550-nm excitation, respectively. Coupling between the CdS and Ag,S is evident by the
complete quenching of the visible PL (d) in the heterostructures. The shift in NIR PL (e) is due to quantum confinement of the Ag,S. Copyright

2007, AAAS.
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In addition to the interfacial binding energy, the bonding char-
acteristics, such as the bonding angles and torque, might also play vital
roles in defining the final topological structures of the NHSs. Wang
et al.** synthesized CdS nanowire-ZnIn,S, nanosheet NHSs (Figure 9).
At the initial stage, the ZnIn,S, nanosheets were attached to the lateral
surfaces of the CdS nanowire perpendicularly via the lateral dangling
bonds of the ZnlIn,S, layered structure. As the annealing proceeded,
these nanosheets would rotate and lean. The authors performed an
HRTEM analysis and found that the [001] axis of the CdS coincided
with that of the ZnIn,S; nanosheet.

Upon contact of the ZnIn,S, slab with the CdS slab, the S atoms in
the In-S tetrahedron exhibited a slip along the [100] orientation in
the relaxed configuration (Figure 10). This was originated from
the centro-symmetry along the [010] zone axis of the ZnIn,S;. In
the Znln,S, layered structure, the upper Zn and lower In were

Figure 12 TEM images of the CdSe-seeded CdS nano-heterostructures with
controlled, varying degrees of Au deposition: CdSe/CdS nanorods with ca.
40nm length and an aspect ratio of ca. 8 exposed to increasing
concentrations of Au precursor, resulting in Au deposited at (a) one end, (b)
both ends, and (c) throughout the rod, respectively; (d) HRTEM image
showing a gold nanoparticle at the apex of the nanorod. The measured d-
spacing values from the visible lattice fringes of 0.24 and 0.34 nm were
assigned to Au (111) and CdS (002), respectively.®* Copyright 2010, Wiley-
VCH.
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tetrahedrally coordinated with S while the middle In were octahedrally
coordinated. The Zn-S and In-S tetrahedra were inversely orientated,
and they bore a different coordination environment towards the Cd-S
tetrahedral. The differences in the coordination environment, such as
the bonding lengths and angles, lead to this slip in the [100] direction
in the final configuration. This slip in the atomic configuration
accounted for the rotation of the ZnIn,S, along the [120] axis. The
rotation was due to the resultant torque along this direction. The
authors then adopted phenomenological models to explain the
connection process to the final helical ribbon. In this process, the
surface dipole repulsion played a crucial role that facilitated the helical
superstructures because only through a continuous ascension along
the ¢ axis of the CdS nanowire could the repulsion between the
ZnIn,S,; be minimized.

Finally, aside from the energetics and bonding geometries, the strain
force was also vital in the determination of the structure at the atomic
or even meso-scale. Alivisatos et al.> reported the formation of Ag,S-
CdS NHSs in which the Ag,S nanodomains formed periodic super-
lattices. This unique structure was obtained by the cation exchange by
Ag' from the CdS nanorod. At the initial stage, when the exchanged
quantity of Ag* was low, the Ag,S domains were distributed randomly
along the nanorod. To model the Ag,S-CdS NHSs, a CdS (001) Il Ag,S
(100) slab was utilized in the DFT calculation and a bonding energy of
1.6eV for each interfacial Cd-S-Ag (Figure 1la) was obtained,
indicating that the as-exchanged structure was thermodynamically
stable. Then, the Ostwald ripening process occurred in which small
domains coalesced into big ones until the size of Ag,S exceeded the
diameter of the CdS nanorod. At this stage, the elastic repulsion of the
neighboring Ag,S domains promoted the regular spacing because of
the strain in the intervening CdS region. The results from the valence
force field modeling (Figure 11c) indicated that the elastic energy
increased markedly as two Ag,S segments approached each other to
less than 10 nm. Finally, all the segments of Ag,S propelled each other
to equal distance to attain the smallest total strain and the lowest
energy. The authors also provided a detailed study® on the theoretical
models after the initial brief report.

Growth mechanisms of NHSs: reaction kinetics. ~ Although the thermo-
dynamics provided insight, in real synthetic system, the kinetics are
also an important factor that has played critical roles in the final
architectures of the NHSs.

First, the reaction kinetics can influence the selectivities of the
different thermodynamically stable polymorphs, thus dictating the
final structure of the NHS. For example, the II-VI metal chalcogenides
(such as CdS, CdSe, ZnSe, etc.) usually exhibited zinc blend (zb, fcc)
and wurtzite (wz, hexagonal) polymorphs that can be tuned by
reaction kinetics. The zb phase tends to form a tetrahedral seed that
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Figure 13 (a), Presentation of the system on a two-dimensional lattice. (b) Snapshot of the final morphology at a low gold concentration (the two-dimensional
gold density is pg =0.001) yielding two-sided growth. (c) Snapshot of the final morphology at a high gold density (p; =0.01) showing one-sided growth.68

Copyright 2005, Nature Publishing Group.
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Figure 14 (a) Geometrical-capped cylinder models for Au rods with
Pt tips and the corresponding TEM images before (left) and after the
deposition of various amounts of platinum: 20, 40 and 100 mol % in
the presence of Ag+ (from left to right). (b, c) Measured (b) and
calculated (c) UV-vis-NIR spectra of the particles shown in (a). The
absorption band red-shifts as more Pt is added.”® Copyright 2007, American
Chemical Society.
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exposes the {111} facets, and upon further growth of a wz phase,
which tends to form 1D structure, a tetrapod might be formed.®!
While for the wz phase, it is prone to grow in a uniaxial direction
(usually the <001> axis) upon the addition of a second component
because of its anisotropic crystallographic structure, thus leading to the
nanorod structure in the final NHS.%?

Moreover, as we have stated in section ‘Recent progress in DFT
modeling on the atomistic structure of NHSs’, on the surface of the
base nanomaterial, the reactivities of different sites (steps or facets) are
different and they show distinct affinities towards the deposition of the
second components. For example, Bakkers et al.®> demonstrated that
in the growth process of a GaP-GaAs NHS, the rate of GaP deposition
onto the tips was two orders of magnitude higher than that of the
growth on the sidewall. In a practical synthetic system, if the reaction
kinetics are slow or the feed amount of the precursor is limited, the
second component would tend to deposit onto the most active site,
whereas if large amounts of raw materials are supplied, the thermo-
dynamic differences between the different sites would be concealed.
This concept was elucidated through many experiments, such as the
formation of tip-selective and random Au-CdS NHS (Figure 12) under
different feed amounts of Au precursors.®*

In addition to the intrinsic facet-dependent reactivity, ligand
(surfactant) binding might also influence the topological selectivity
in NHSs. Cozzoli et al.% studied the Co-TiO, nanorod NHS. They
found that if no surfactant was added to the dispersion of the TiO,
nanorod, the cobalt domain would be deposited randomly onto both
the tips and the sidewalls of the nanorod. If a large amount of
surfactants was added, the surfactants would preferentially bind to the
sidewall of the nanorod, and in this case, the Co grains would grow
only onto the unprotected tips.

On the basis of the understanding of kinetic factors such as
polymorphs, precursors and surfactants, more complex multi-
component NHSs could be constructed by exploiting well-
established reaction chemistry principles known in individual semi-
conductors. These include linear (I) CdS—ICdSe, bCdSe—ICdTe,
NHSs® and multiblock /CdTe—ICdSe—ICdTe-ICdSe—ICdTe.%

Aside from the growth kinetics, the post-growth ripening process
can also affect the topology of the final NHS. For example, Banin
et al.%® have demonstrated that the ripening process would turn a two-
sided Au-tipped CdS NHS into a one-sided style upon the addition of
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Figure 15 Extinction cross section (in um2) as a function of wavelength for 16.5nm_5.8 nm bare CdS nanorods (dashed black curve), 6 nm gold bare
nanoparticles (red dotted curve and yellow area), a mixture of gold nanoparticles and CdS nanorods with dimensions similar to those in the hybrid (yellow
plus blue area, narrow black curve), CdS_Au hybrid (thick black line), and the difference between the hybrid versus the mixture of its components (green
area). For all of the spectra, the solvent is toluene. We compared the obtained spectra with two different approaches: (a) experimental absorption
measurements; (b) discrete dipole approximation simulations. The estimated error for the experimentally obtained absorption cross section of the CdS and

CdS_Au values is ~20%.’! Copyright 2011, American Chemical Society.
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CdSe T, cdSe ! matrix mgmtm x more precursors of gold. Dynamic theoretical simulations (Figure 13)

0.08 -~ . . .
based on a two-dimensional lattice-gas model®® also demonstrated

similar results. In the modeling, gold particles (or gold precursors)
randomly walked into the solution towards the CdSe nanorod and
finally settled at one end of the CdSe nanorod. The authors suggested
that this was a ripening process whereby the gold species on one of the

e tips would migrate to the other end because of many possible factors,
el o _-— such as surface energy, which would thereby reduce the potential of
008 - (CdSe)zns .7 . CdSe ZnS | meex the gold and the electron transfer between the gold and CdSe.
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RELATIONSHIPS BETWEEN THE STRUCTURES AND THE
PROPERTIES

In NHSs, synergetic effects are prominently manifested and obtained
through the charge carrier reallocation through the interface and the
alternating electronic structure when compared with the disparate
constituents. This redistribution of the charge carriers leads to non-
— W trivial chemical-physical interactions and an improved performance,

Cds\ 1/°9%¢  or sometimes even the creation of new attributes compared with the
004 ~ e original disparate segments. The altered electronic structure also
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affects the optical response of the as-obtained NHS, such as the light
absorption and emission. Apart from electrical, catalytic and optical
- — properties, other properties, such as the magnetic property, will also be
' changed, but these will not be discussed here because of the complex
spin-related electronic structures. In the following section, we would
like to elucidate the aforementioned effects using the different
Figure 16 The calculated radial distribution of the charge carrier combinations of metal and semiconductor namomaterials, namely,

density in the CdSe quantum dot (upper), the CdSe@ZnS NHS (middle) th tal al tal conduct d conduct
and the CdSe@CdS NHS (lower).9 Copyright 1997, American Chemical ¢ metal-metal, metal-semiconductor and - semiconductor-
Society. semiconductor NHSs as examples.

Optical propertiesFirst, we would like to discuss the optical
properties in metal-metal NHSs. Noble metal nanostructures, espe-
cially observed in Au and Ag, exhibit surface plasmon resonance
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Figure 17 Summary of the typical tunneling I-V curves (a, c, e) and corresponding dl/dV-V spectra (b, d, f) measured at 4.2 K for Cu,S NPs, Ru nanocages
and Cu,S-Ru NHSs, respectively.’4 Copyright 2012, 10P.
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behavior. In a metal-metal NHS, the electronic coupling and the
alternating of the local electromagnetic field under photo-excitation
would lead to the change in the surface plasmon resonance feature.
Liz-Marzan et al”® synthesized a Pt-Au-Pt nanorod heterostructure
(Figure 14a) via a seed-mediated colloidal route and found that upon
the addition of Pt dots onto the tips of the Au nanorod, the
longitudinal surface plasmon resonance band red-shifted and the
absorption peak broadened. They performed theoretical calculations
based on the boundary element method (Figure 14c) and observed
results that were similar to the experimental results (Figure 14b). The
authors suggested that this phenomenon could be explained by the
increased aspect ratio of the Au nanorods and the delocalization of the
plasmon in the Pt-Au-Pt NHS.

In metal-semiconductor NHSs, the coupling of the plasmon in the
metal and the exciton in the semiconductor would also alter the
optical properties compared with the disparate units. Sonnichsen
et al’! demonstrated experimentally and theoretically the main
features in the absorption spectra of a CdS nanorod-Au nanodot
NHS. As shown in Figure 15a, the experimental measurements of
extinction as a function of the wavelength of the CdS— Au NHS and
the physical mixture of its individual components, CdS nanorods and
Au nanodots showed a red-shifted plasmon peak from 527 to 538 nm.
The discrete dipole approximation simulations on the NHS were in
qualitative agreement with the experimental results (Figures 15 a and
b). The shift of the plasmon peak was related to the charge transfer
between the metal (Au) part and the semiconductor (CdS) part and

the corresponding modified band structure and optical absorption
behavior.

Semiconductor-semiconductor was among the earliest prototypes of
NHSs. In the seminal contribution on the synthesis of CdSe@ZnS
core-shell NHSs, Bawendi et al’® performed a simple quantum
mechanical modeling of the spatial distribution of the charge density
of the electron and the hole. The conclusion was that in a wide-gap
semiconductor (ZnS) capped with a narrow-gap, the holes were
centered at the core while the electrons expanded into the shell. This
also indicated that the electron and the holes flowed in the opposite
direction, leading to the spatial charge redistribution (Figure 16). This
core-shell architecture thus significantly enhanced the quantum
efficiency of the photoluminescence and the chemical stability towards
oxidation. Similarly, in a type-II band alignment,”? wherein the CBM
and VBM of the two components are staggered, different phenomena
were observed. Usually a new transition from VBM of one material to
the CBM of another would appear with a decreased excitation
threshold and an enhanced lifetime. This type-Il NHS has been
utilized in the biological applications of Near IR imaging.”?

Electrical and optoelectronic properties

There are many powerful experimental tools that can measure the
electronic structures of the NHSs. First, we will discuss the metal-
semiconductor NHSs. Scanning tunneling microscopy can measure
the electrical response of the individual NHSs, such as the I-V curve.
The corresponding dI/dV-V spectrum was proportional to the density
of states spectra. In the measured dI/dV-V curve,”* a band gap of
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Figure 18 (a) Suzuki coupling between bromobenzene and phenylboronic acid and (b) the reduction of nitrobenzene with HCOOH by different PtsNi@Au NHSs,
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1.4 eV was observed for Cu,S NPs, which was consistent with the bulk
value (Figures 17a and b). The Ru nanocage itself possessed a
Coulomb blockade and dI-dV curve,
similar to conventional metallic NPs (Figures 17c¢ and d). The
Cu,S-Ru NHSs exhibited metal-induced gap states in the dI/dV-V
curve (Figures 17¢ and f).

Then, we will report on the electrical properties of semi-
conductor-semiconductor NHSs. For example, Guo et al”
prepared a CuO-Cgy core-shell nanowire heterostructure using the
evaporation method. They measured the electrical property of this
NHS and determined the p-n diode-like I-V curve and the rectifying
behavior. Aside from the electrical study, optoelectronics have also
been widely investigated in NHSs. Mueller et al.”® have constructed a
p-WSe,-n-MoS, vertical nanosheet heterostructure. Photovoltaic
effects were observed in its p-n junction. A similar optoelectrical
output was found in the CuO-Cqy core-shell nanowire
heterostructure.”

staircase-like which is

Catalytic properties

In the metal-metal NHSs, the metal electron seas would flow to each
other, resulting in a modified density of states. The altered electronic
structure would create different adsorption behaviors of the metal
components towards reactant or transient species, thereby leading to
distinct catalytic properties. For example, Li et al.> synthesized Pt;Ni
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Figure 19 (a) Pt Llll-edge X-ray absorption near edge spectra (XANES)
spectra and (b) the variation in the unfilled d-states for the Pt foil and the
different catalyst samples (denoted in the figure). (Inset) Enlarged region of
the peaks of the Pt Llll-edge XANES white line.”® Copyright 2011, American
Chemical Society.
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concave nanooctahedra and then subsequently deposited a third metal.
The shape recovery was observed in the subsequent formation of
Pt;Ni@Au nanooctahedra. This Pt;Ni@Au NHS accommodated the
efficient catalysis of the Suzuki Coupling Reaction at low Au coverage
and the selective reduction of nitrobenzene by formic acid (Figures
18a and b). XPS showed that electron was donated from the gold to
the Pt;Ni. (Figure 18c) DFT calculations revealed that the local density
of (LDOS) states at the Fermi level was reduced monotonically as
the Au coverage increased (Figure 18d). This decrease in the local
density of states might lower the adsorption of the reactant, and thus
facilitate the adsorption/desorption equilibrium and the final catalytic
performance.

The metal—semiconductor is another important type of NHS
catalysts and is among the earliest invented ones. Previous
studies on the metal-semiconductor interface have provided
tremendous information on the interfacial electronic structures. The
readers should refer to these contributions’”’8 to learn the basic ideas
involved with the electron transfer through the metal-semiconductor
interface. Apart from the phenomenological theory based upon the
relative Fermi energy, DFT calculations should provide us with a
clearer picture on the electron densities of the interfacial atoms in
the NHS.

Li et al® fabricated CuyO—Ag and Cu,O—Pd NHSs and
conducted DFT studies on their electronic structure (Figure 7).
Difference charge density and Barder charge analyses indicated that
there was a transfer of electrons from the Pd/Ag to the Cu,O
(Figure 7). However, the transfer also occurred at some of the
interfacial O atoms with their neighboring Cu atoms. UV-Vis spectra
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Figure 20 (a) The band alignment measurement from the XPS valence
spectra and (b) the band structure of the nanoheterostructure from the DFT
calculation. The Fermi energy (EF) is set to zero. Insets: Isosurface plots of
the squared wave function at the G point of the bands in the gap. The
isovalue is 0.006 eeA~3.24 Copyright 2014, Wiley-VCH.
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also verified the DFT results. The authors also assumed that the
resulting partially oxidized Pd/Ag and reduced Cu were active sites for
phenylacetylene because transmetalation involving the Cu-alkyene
complex was usually the rate-determining step.
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Figure 21 Environmental TEM images of the Au-673 catalyst under
oxidizing and reducing atmospheres at 573 K. (a, b) A truncated octahedral
Au particle of ~3 nm size under a 10 vol% 0./N, environment (a) and a 42
vol% CO/6 vol% O2/No atmosphere (b). (c) Schematic depicting a typical
gold nanoparticle enclosed by {111} and {100} planes. (d) Atomic scheme
of a gold nanoparticle anchoring onto a CeO, nanorod, illustrating the
functions of different domains.®l Copyright 2012, American Chemical
Society. (e) Snapshots on the growth of Pt NPs in oleyamine in a TEM
chamber.84 Copyright 2009, AAAS.
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Aside from theoretical modeling, there have also been other
experimental methodologies that revealed the collective electronic
structures of metal-semiconductor catalysts. Hwang et al’ have
synthesized Pt-Tip7Moy30, NHSs through a sol-gel protocol and
utilized them in the electro- catalysis of oxygen reduction reactions.
They found that their NHSs performed much better than the
conventional Pt/C catalyst. They then conducted an X-ray absorption
near edge spectra analysis on the control samples. The X-ray
absorption near edge spectra determined the number of unfilled d
states (hrs). The Pt/Tig;Mop3;0, NHSs showed the lowest hrg
(Figure 19). Additionally, the Ti L;3-edge (2p-3d) of the XAS were
also measured for the Tip;Moy30; and Pt/ Tiy;Moy30, specimen.
The increased intensity in the spectra of Pt/ Tij;Mog30, directly
reflected the increment of the Ti vacancies, leading to an increase in
the number of Ti 3d holes due to the electron migration from
Tip ;M0 30, to Pt. The same trend was found when investigating the
Pt LIII-edge.

Semiconductor-semiconductor NHS can also serve as catalysts,
especially in photocatalysis. Usually the charge transfer would
occur between the subunits, leading to a possible charge-separation
and an efficient utilization of the photo-excited electron-hole
pairs in the photocatalytic process. The charge transfer in the
semiconductor-semiconductor NHSs could also be experimentally
characterized, with XPS valence band spectra as the most common
technique. This technique involves the measurement of the density of
states around the VBM and the corresponding correction according to
a core-state XPS peak. Using this technique, the VBM offset of a NHS
could be calculated. Together with the band gap value of the disparate
unit, the CBM offset could also be obtained. Wang et al?* have
synthesized CdS-ZnIn,S, NHSs and used XPS combined with UV-Vis
to calculate the CBM and VBM offset. The results indicated that this
NHS showed type-II band alignment (Figure 20a) in which both the
light absorption and the charge separation were enhanced, leading to

a
AG (TiOy+ H,0 +hole' 3 OH/TIO, + H') U=1.93V
0.6
0.4
02
0.0
-0.2
Flat < —» Sharp
b
{ ; /-T = Dry Surf
s == Dry Surface
i"‘ 5% = Wet Surface 2 5‘
# { 150 g
100 'E
3
50 £

Figure 22 (a) The Gibbs energy change of the water oxidation by holes in
different TiO, clusters.8> Copyright 2011, American Chemical Society. (b)

The energy profiles of the transition states in a hydrogenation of phenol on a
Pt surface.86 Copyright 2014, American Chemical Society.



increased performance over the
disparate units.

They subsequently performed DFT calculations on the electronic
structure of this NHS. The band diagram (Figure 20b) exhibited
the interfacial states that were located at the interfacial atoms,
especially for the holes that were responsible for the
photoanode reaction of oxidation of sulfide ions in waste water.
This implication also reinforced the assumption that the NHS
possessed enhanced functionality owing to the interfacial charge
transfer.

Finally, we would also like to note that as synthetic strategies have
developed, NHSs with more than two components have been
fabricated. For example, Ouyang et al.%0 developed a multi-step route
to construct plasmoinc (AuAg)-catalytic (Pt)-semiconductor (CdSe)
ternary NHSs. They performed experimental studies on the
structure-property relationships of this complex ternary NHS in a
photocatalytic reaction. However, owing to the complex structure
and the corresponding increased amount of atoms in the
theoretical model, currently there is no theoretical study on this type
of multi-component NHSs, which is a challenge for future
development.

in a photocatalytic process

CONCLUSIONS AND PERSPECTIVES

Although the aforementioned experimental and theoretical approaches
have resolved the accurate atomic and electronic structures in the
vacuum model, the in situ characterization and the modeling in
the reaction environment are still under development for NHSs.
There are already many in situ techniques to characterize the NPs,
most of which are in the gaseous form. Typical examples involve the
in-gas observation of the metal-oxide junction in a TEM chamber
(Figures 21a and d).3! In-gas XPS® and second harmonic generation
(SFG)® were also used in the study on the adsorption of molecules
onto the metal-oxide composite. Aside from the gaseous techniques,
in situ liquid ones remain immature. We would also like to emphasize
here that there is an in situ TEM study on Pt NPs in a liquid oleylamine
solution inside the instrument (Figure 21e). Alivisatos et al’* used a
specially designed compartment to confine the reaction solution to
study the growth trajectory of the Pt NPs.

Apart from the in situ characterizations, in situ theoretical modeling
is also booming for NPs. Liu et al.®> have modeled the oxidation of
water by holes and the subsequent oxygen evolution reaction on
anatase TiO, NPs in an aqueous surrounding (Figure 22a) with the
periodic continuum solvation model. Lercher et al.?¢ performed a DFT
study on the phenol hydrogenation by Pt and Ni in an aqueous phase
(Figure 22b). Although it should be noted that the modeling of single-
component nanostructures in the various reaction environments is still
in its infancy.

In conclusion, we have outlined the recent progress in the
experimental and theoretical study of the NHSs. We have seen that
many experimental methodologies address the atomistic structures of
the NHSs and the theoretical DFT simulations. The electronic
structures of the NHSs, which can significantly impact the properties,
can also be investigated by a myriad of advanced technologies, as well
as by theoretical modeling. The current achievements in this field are
expected to further promote the development of synthetic methods for
NHSs based on the insight in the growth mechanisms in the different
types of NHSs. It may also provide guidance for tailoring the functions
of NHSs through the prediction of the properties based on the as-
obtained and on-going understanding from both the experiments and
theory.
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