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Abstract: In chemical functionalization of colloidal particles, the functional moieties are generally
distributed rather homogeneously on the particle surface. Recently, a variety of synthetic protocols
have been developed in which particle functionalization may be carried out in a spatially controlled
fashion, leading to the production of structurally asymmetrical particles. Janus particles represent
the first example in which the two hemispheres exhibit distinctly different chemical and physical
properties, which is analogous to the dual-faced Roman god, Janus. Whereas a variety of methods
have been reported for the preparation of (sub)micron-sized polymeric Janus particles, it has re-
mained challenging for the synthesis and (unambiguous) structural characterization of much smaller
nanometer-sized Janus particles. Herein, several leading methods for the preparation of nanometer-
sized Janus particles are discussed and the important properties and applications of these Janus
nanoparticles in electrochemistry, sensing, and catalysis are highlighted. Some perspectives on re-
search into functional patchy nanoparticles are also given.
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1. Introduction

Metal and semiconductor nanoparticles'!! represent a unique
class of nanomaterials that show great potential as novel
functional structural elements in diverse applications such as
nanoelectronic devices,”) multifunctional catalysts,®! (bio)-
chemical sensors biological labeling,”! and data stora-
ge.” This is largely attributable to the unique chemical
and physical properties that differ vastly from those of their
bulk materials and molecular species.” Yet, to exploit these
unprecedented material properties for the fabrication of
next-generation devices and circuitries, two key aspects that
are intimately related to each other have to be addressed:
design and synthesis of nanoscale building blocks and con-
trolled assemblies of these structural units into functional ar-
chitectures.’! Toward this end, a great deal of research has
been focused on monolayer-protected nanoparticles.!"! Here,
the chemical and physical properties of the particles are the
combined consequence of the inorganic cores and the organ-
ic protecting shells; more importantly, the properties of the
materials can be readily manipulated by surface place-ex-
change reactions whereby multiple functional moieties can
be incorporated into the particle protecting layer and serve
as a starting point for more complicated chemical decora-
tions.”’) Consequently, the particles behave as multifunction-
al reagents. Such unique properties have been demonstrated
extensively by alkanethiolate-protected gold (AuSR) nano-
particles, which undergo exchange reactions with other thiol
derivatives by taking advantage of the strong affinity of
thiols to gold surfaces (Figure 1a; the resulting particles are
denoted as bulk-exchange particles because the reactions
typically occur with the particles and the incoming ligands
dispersed in the same solvent media).’”*'” More recently,
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Figure 1. Schematic representation of surface functionalization based on
ligand-exchange reactions for the production of a) bulk-exchange and
b) Janus nanoparticles.

we demonstrated that, for carbene- or alkyne-functionalized
metal nanoparticles,[”] olefin metathesis reactions on the
surface of the nanoparticle with other vinyl- or acetylene-
terminated derivatives could also be exploited for particle
surface functionalization.

To further and better control the assembly of these nano-
scale building blocks into functional architectures, it is of
critical importance to look for additional parameters
beyond size and shape for the design of the nanomaterials.
Among these, of particular interest is the creation of amphi-
philic nanoparticles that exhibit hydrophobic characters on
one side and hydrophilic on the other, akin to the dual-
faced Roman god, Janus (hence, Janus nanoparticles, as sug-
gested by de Gennes, Figure 1b).'¥ These particles repre-
sent a unique nanoscale analogue to conventional surfactant
molecules, and thus, may be exploited in the formation of
functional superstructures by virtue of self-assembly.'¥ Such
supraparticular assemblies!™ will not be accessible with ho-
mogeneously functionalized building blocks,™”! and thus,
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offer a novel paradigm to the rational design and prepara-
tion of functional ensembles.

Yet, most prior research focused on (sub)micron-sized
Janus particles based on polymeric materials. Several effec-
tive routes have been reported towards the synthesis of
these biphasic particles.!'>*!®! For instance, microfluidic flow
systems have been used to prepare amphiphilic particles by
the polymerization of the Janus droplets formed within the
microfluidic channels.™*>) Submicron-sized Janus particles
were also prepared by biphasic electrified jetting of two
polymer precursors.'® In another report, Suzuki and Kawa-
guchi demonstrated that Janus particles could be produced
by sputtering gold onto the top face of a polymer bead
array upon which further functionalization on the gold sur-
face might be achieved.'*! Additionally, Paunov and Cayre
reported the fabrication of Janus particles by the replication
of particle monolayers at liquid surfaces by using a gel trap-
ping technique.!'”!

For bare colloids, research into Janus particles has mostly
focused on bicompartmental structures. A typical synthetic
procedure involves partial masking of the surfaces of the
particles prior to selective engineering and functionalization
of the exposed particle surfaces.'! These include surface
coating by vapor deposition of metal thin films/parti-
cles,'%1 spin-coating of a photoresistant layer and metal
evaporation,™ electrostatic deposition,”"! layer-by-layer
self-assembly,"**?! polymer self-assembly,™ surface-initiat-
ed free-radical polymerization,?! photo-polymerization in
a microfluidic channel,” the Pickering emulsion method,?"
biphasic electrified jetting,'®*?! protonation-deprotonation
cycling,™ in situ click chemistry,” and chemical modifica-
tion.P
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In these studies, it has been demonstrated that Janus par-
ticles with oppositely charged hemispheres exhibit a large
dipole moment, which may be exploited for remote posi-
tioning in an electric field."'***3 When the Janus particles
have both electrical and color anisotropy, they may be used
in electronic paper.®? Janus particles coated with different
chemical groups can also be derivatized into bifunctional
carriers that are useful for catalysis, sensing, drug delivery,
and so forth.™™ Janus particles with an electron-donor side
and an -acceptor side may also be exploited as nanoscale
machinery in the conversion of solar energy into electrical
currents.” The amphiphilic Janus particles with hydrophilic
and -phobic hemispheres can also be used as particular sur-
factants in the stabilization of water-in-oil or oil-in-water
emulsions,'®**! in contrast to the homogeneously function-
alized counterparts.® In addition, they can self-organize
and select left from right, or top from bottom, to yield su-
praparticular architectures in a preprogrammed fashion.!

Janus particles also show potential applications in cataly-
sis, sensing, and drug delivery by deliberate and independent
decoration of the two hemispheres with different chemical
functional moieties.”” Moreover, Janus particles may be ex-
ploited to control molecular recognition and self-assembly
processes, which represent some of the most intriguing and
challenging aspects of materials science research.F!

It should be noted that, in these earlier studies, the typical
particle sizes range from a few hundred nanometers to a few
micrometers. Several review articles have emerged that are
primarily focused on the synthesis and/or self-assembly of
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polymeric and oxide colloidal Janus particles,'**1%~ and the
design and fabrication of other patchy and multicompart-
mental structures.'"®*#*] However, reports on the synthesis
of nanometer-sized Janus particles are actually rather
scarce.P” In fact, the majority of nanometer-sized Janus par-
ticles refer to bifunctional heterodimers that consist of two
different materials segregated in the particle cores, forming
snowman or dumbbell-like nanostructures,*! whereas only
a limited number of studies are focused on Janus nanoparti-
cles with two types of organic capping ligands segregated on
the two hemispheres of the nanoparticles.

In addition, for (sub)micron-sized Janus particles, the
structural asymmetry may be directly visualized with the aid
of a conventional electron microscope. Yet, for much small-
er, nanometer-sized Janus particles, unambiguous characteri-
zation and verification of the amphiphilic structures has
become much more challenging. Therefore, herein, we first
summarize several leading methods for the preparation and
characterization of organically capped metal Janus nanopar-
ticles and then highlight some recent progress in the further
functionalization and engineering of Janus nanoparticles and
their electrochemical and catalytic properties. We conclude
this review with some perspectives on the research and de-
velopment of functional patchy nanoparticles.

2. Interfacial Engineering

In contrast to the micron-sized counterparts, the choices of
synthetic protocols for nanometer-sized Janus nanoparticles
are rather limited. Langmuir-based methods have been
adopted as an effective way for the production of Janus
nanoparticles that exhibit hydrophobic characters on one
side and hydrophilic on the other.[*!! Recently, we developed
two effective strategies based on interfacial engineering for
the preparation of Janus nanoparticles. The first method is
depicted in Figure 2.**J In this study, n-hexanethiolate-
capped gold nanoparticles (AuC6; average core diameter
2nm with ~15% core size dispersity, as determined by
TEM measurements) were used as the starting materials.
Experimentally, the amphiphilicity was rendered to the
AuC6 nanoparticles by subjecting them to ligand-exchange
reactions with hydrophilic 3-mercaptopropane-1,2-diol
(MPD) at the air|water interface at a sufficiently high sur-
face pressure by mechanical compression.

In the second approach (Figure 3),”] a monolayer of
AuC6 nanoparticles was first deposited onto a substrate sur-
face by the Langmuir-Blodgett (LB) technique at a suffi-
ciently high surface pressure, at which ligand intercalation
between adjacent nanoparticles occurred. The sample was
then immersed into an aqueous solution of hydrophilic li-
gands, such as 2-(2-mercaptoethoxy)ethanol (MEA), in
which the ligand-exchange reactions were limited to the top
face of the nanoparticles, and thus, leading to the formation
of Janus nanoparticles. With this experimental setup, the ex-
change dynamics might also be readily assessed by contact
angle measurements.

Chem. Asian J. 2014, 9, 418430
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Figure 2. Schematic representation of the preparation of Janus nanoparti-
cles based on the Langmuir technique. Reprinted with permission from
ref. [41]. Copyright 2007 Wiley.

(i) LB monolayer (ii) Interfacial exchange (jii) Janus nanoparticles

Figure 3. Schematic representation of the synthesis of Janus nanoparticles
by using nanoparticle monolayers prepared by the LB method. MEA =2-
(2-mercaptoethoxy)ethanol. Reprinted with permission from ref. [43].
Copyright 2009 Springer.

The amphiphilic nature of the resulting Janus nanoparti-
cles was confirmed by a variety of experimental tools, in-
cluding contact angle measurements of nanoparticle mono-
layers (ensembles) as well as adhesion force studies of indi-
vidual nanoparticles.”"**! In addition, NMR spectroscopic
measurements have also been carried out for the quantita-
tive assessment of the surface composition and ligand distri-
bution of the Janus nanoparticles. Figure 4 A, top, depicts
a representative 'H NMR spectrum of the AuC6—MEA
Janus nanoparticles in CDCl;. The signal at 6=0.90 ppm is
ascribed to the protons of the terminal methyl group of the
hexanethiolate ligands, whereas the broad signals at 6 =3.60
and 3.80 ppm are attributable to the methylene protons next
to the hydroxyl (OH) group and the ether group in the
MEA ligands, respectively. From the ratio of the integrated
peak areas of these protons, it can be estimated that 44.6 %
of the original hexanethiolate ligands were replaced by the
MEA ligands in the Janus particles. In a similar fashion, for
the bulk-exchanged particles prepared by mixing the AuC6
nanoparticles and MEA in THF for ligand-exchange reac-
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Figure 4. The 'H (top) and NOESY (bottom) NMR spectra of A) the
Janus and B) bulk-exchanged nanoparticles in CDCl;. The corresponding
NOESY NMR spectra were acquired with a mixing time of 120 ms. Cir-
cles highlight the cross peaks between the protecting ligands on the parti-
cle surface. Insets show the respective schematic of the nanoparticles. Re-
printed with permission from ref. [43]. Copyright 2009 Springer.

tions, the protecting monolayer was found to consist of
512% MEA and 48.8% hexanethiolate (Figure 4B, top).
Both results suggest an approximately equal number of hy-
drophobic and -philic ligands on the nanoparticle surface,
that is, they are equivalent to structural isomers.
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To further establish the amphiphilic characters of the
Janus nanoparticles, we also employed NOESY spectrosco-
py to examine the spatial correlation between nuclear
spins,**) which we believe is the first of its kind in the inves-
tigation of Janus nanoparticles at the molecular level.
NOESY is a two-dimensional NMR spectroscopy technique
in which cross peaks arise from dipole-dipole interactions
(i.e., through-space coupling) between nuclear spins that are
in close proximity (typically <0.4 nm) because the intensity
of the cross peaks depends inversely on the sixth power of
the distance between the protons.*! These unique features
can thus be exploited to estimate the internuclear distance
and, for monolayer-protected nanoparticles, a quantitative
assessment of the packing (distribution) of organic capping
ligands on particle surfaces.™!

Figure 4 depicts the corresponding NOESY spectra for
the AuC6-MEA Janus (A, bottom) and bulk-exchanged par-
ticles (B, bottom). The diagonal profiles of both spectra in-
dicate apparent polarization interactions between adjacent
spins from both intra- and interchain contributions.¥! Of
these, the peaks in circles a in Figure 4 can be ascribed to
the interactions between the methyl protons and between
the methyl and methylene protons of the hexanethiolate li-
gands, the peaks in circles b reflect the interactions between
the methylene protons from the hexanethiolate ligands,
whereas those in circles ¢ are from the MEA ligands. In ad-
dition to these common features, remarkable discrepancy
can also be observed. The most significant difference be-
tween these two spectra is the appearance of two cross
peaks between the methyl/methylene protons of the hexane-
thiolate ligands and the methylene protons of the MEA li-
gands for the bulk-exchanged particles, which are highlight-
ed in circles d in Figure 4 B. Notably, these cross peaks are
totally absent in the Janus particles (Figure 4A). Such an
observation is consistent with the structural models for the
surface distribution of the two types of ligands on the nano-
particle surface (Figure 4, insets). In the Janus nanoparticles,
the absence of these cross peaks clearly indicates that the
hexanethiolate ligands are segregated from the MEA li-
gands, that is, these two ligands are situated on two different
hemispheres of the nanoparticle surface. In contrast, in the
bulk-exchanged particles, the cross peaks were observed be-
cause of the homogeneous mixing of the two ligands, and
hence, extensive interactions between the neighboring
ligand protons.[*]

From the above studies, we can see that 1) interfacial en-
gineering (Figures 2 and 3) is indeed an effective route to
the preparation of amphiphilic Janus nanoparticles, and
2) the structural asymmetry can be quantified on multiple
length scales, ranging from contact angle measurements of
nanoparticle organized ensembles, to adhesion force studies
of individual nanoparticles, and to NOESY NMR spectros-
copy measurements of nuclear spin interactions between
capping ligands.

With the asymmetric surface chemistry, the amphiphilic
Janus nanoparticles indeed behave analogously to conven-
tional surfactant molecules in the formation of superparticu-
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lar assemblies, yet with a critical micelle concentration of
several orders of magnitude lower, as manifested in Raman
spectroscopic and dynamic light scattering measurements.™*”!

Yet, the structure stability of Janus nanoparticles may be
compromised, owing to diffusion of thiol ligands on metal
surfaces even at room temperature, leading to eventual ho-
mogeneous mixing between the hydrophobic and -philic li-
gands on the Janus nanoparticle surface.*® Thus, to enhance
the nanoparticle structural integrity, covalent cross-linking
between neighboring organic ligands has been exploited to
impede diffusion of thiol ligands on gold nanoparticle surfa-
ces, as exemplified by UV photo-polymerization of diacety-
lene moieties embedded within the ligand chemical back-
bones (Figure 5).1*)

Figure 5. Covalent cross-linking of surface capping ligands of Janus nano-
particles by UV polymerization of diacetylene moieties. Reprinted with
permission from ref. [49]. Copyright 2011 American Chemical Society.

3. Janus Heterodimers

The asymmetric surface chemistry of the Janus nanoparticles
may then be used as new anchoring points for more compli-
cated surface functionalization.’**>" For instance, Au—TiO,
snowman-like heterodimers (Figure 6) derived from Janus
gold nanoparticles have been prepared by a surface sol-gel
process based on gold Janus nanoparticles, the surface-pro-
tecting monolayers of which consisted of a hemisphere of
hydrophobic 1-hexanethiolates and the other of hydrophilic
MEA. ™ TEM measurements showed that the resulting
TiO, nanoparticles (diam 6 nm) exhibited well-defined lat-
tice fringes that were consistent with the (101) diffraction
planes of anatase TiO,. The heterodimer nanoparticles dis-
played apparent photoluminescence that was ascribed to
electronic transitions involving trap states of TiO, particles,
and the photocatalytic activity was manifested by the oxida-
tive conversion of methanol into formaldehyde, which was
detected quantitatively by the Nash method. The enhanced
photocatalytic performance, compared with that of P25 TiO,
colloids, was ascribed to the charge separation of photogen-
erated electrons and holes at the Au—TiQO, interface facilitat-
ed by the close proximity of the gold nanoparticles. These
results suggested that 1) there were at least two possible
pathways for photogenerated electrons at the TiO, conduc-
tion band: decay to the trap states and transfer to the gold
nanoparticles, and 2) energy/electron transfer from the trap

Chem. Asian J. 2014, 9, 418-430

(A)

Figure 6. A) Schematic representation of the preparation of Au—TiO,
heterodimer nanoparticles. B) and C) TEM micrographs of Au—TiO,
heterodimer nanoparticles. The scale bar is 20 nm in B) and 2 nm in C).
The lattice fringes of TiO, in panel C) exhibit a lattice spacing of
0.36 nm, corresponding to the (101) diffraction planes of anatase TiO,.
Reprinted with permission of ref. [47b]. Copyright 2009 American Chem-
ical Society.

states to gold nanoparticles was less efficient. In essence,
this study showed that the snowman-like heterodimers
might be exploited as a homogeneous photocatalytic system
for the preparation of functional molecules and materials.

Much larger Janus-like Au (diam ~50 nm)—TiO, (diam
~100 nm) heterodimers have also been prepared by using
a block copolymer template, and exhibited apparent photo-
catalytic activity for efficient hydrogen generation under
visible-light photoirradiation™ and methylene blue degrada-
tion,? owing to their strong localization of plasmonic near-
fields close to the Au—TiO, interface. In this region, the
plasmonic near-fields are strongly coupled to optical transi-
tions involving localized electronic states in amorphous
TiO,, leading to enhanced optical absorption and the gener-
ation of electron-hole pairs for photocatalysis.

In another study, Seh etal. reported the anisotropic
growth of TiO, (diam =50 nm) onto gold nanorods, result-
ing in the formation of Janus, eccentric core-shell, and con-
centric core-shell nanostructures that may be used to cata-
lyze 4-nitrophenol reduction with high cyclic stability.” The
morphology of the TiO,—Au nanorod composites was con-
trolled by 1) the slow hydrolysis rate of titanium diisoprop-
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oxide bis(acetylacetonate) (TDAA) as a titanium precursor;
and 2) the amount of titanium precursor and reaction time.
Because the partially hydrolyzed TDAA precursor is hydro-
phobic in nature and does not have good wettability on the
hydrophilic surface of the hydroxypropyl cellulose capped
gold nanorods, upon the rapid addition of TDAA, TiO,
would nucleate and grow on one side of the gold nanorods
as Janus TiO,-coated gold nanorods to reduce the Au—TiO,
interfacial area; thus enabling minimization of interfacial
energy at the expense of elastic energy, owing to bending of
the nanorods, as shown in Figure 7A. In comparison, in-
creasing the amount of TDAA added led to the generation
of concentric Au—TiO, nanostructures with uniformly thick
shells on both sides of the gold nanorods. More importantly,
the unique advantage of the Janus geometry lies in the ex-
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posure of the gold core on one side, which provides direct
access to reactants for high catalytic rates. This has been
manifested in the reduction of 4-nitrophenol to 4-aminophe-
nol by sodium borohydride, which is known to be catalyzed
by gold nanoparticles.”¥ The Janus nanostructures were
found to catalyze the reaction at a rate as fast as that of
bare spherical gold nanoparticles during the first cycle of
use (Figure 7), because the exposed gold core on one side of
the Janus catalysts provides direct access to 4-nitrophenol.
Yet, the Janus catalysts showed high stability with no clear
diminishment in activity after five cycles, whereas the cata-
Iytic activity of unprotected bare gold nanoparticles was re-
duced to almost zero after five cycles owing to irreversible
aggregation. This could be ascribed to the presence of TiO,
coatings that protect against aggregation.

The preparation of other
metal-semiconductor hetero-
dimeter nanostructures has
also been reported recently.
For instance, Liu et al. report-
ed the preparation of a hetero-
dimer nanostructure by grow-
ing heavily doped p-type
Cu,_,Se (diam 4.6-5nm) onto
Au seed nanoparticles (diam
2.6-4.6 nm).” The nanocom-
posites exhibited a broad local-
ized surface plasmon reso-
nance across the visible and
near-infrared region, and thus,
might be used for in vivo pho-
toaccoustic imaging and in
vitro dark-field imaging.

It can be envisioned that, of
the metal-semiconductor het-
erodimers, the chemically
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labile component might also
be used as a temporary pro-
tecting mask for the further
engineering of the other com-
ponent, leading to the genera-
tion of more complicated
nanostructures. This has been
demonstrated by Liz-Marzan
and co-workers in the prepara-
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Figure 7. TEM images of TiO,-coated short gold nanorods with A) Janus,
metries. The inset in B) shows a thinner TiO, shell on one side and a thicker one on the opposite side (scale
bar 25 nm). D) Schematic representations of the TiO,-coated short gold nanorods with various geometries.
E) Time-dependent evolution of UV/Vis absorption spectra of the catalytic reduction of 4-nitrophenol to 4-
aminophenol by sodium borohydride during the first cycle of using the Janus TiO,-coated spherical gold nano-
particles. F) Plots of In(C/C,) versus time and the rate constants for bare and TiO,-coated spherical gold
nanoparticles with various geometries. The concentration of catalysts used was kept constant at approximately
5.0x 10" particlesmL ™" for all experiments. Reprinted with permission of ref. [53]. Copyright 2011 Wiley.
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added to a solution containing
4-mercaptobenzoic acid
(MBA) and poly(acrylic acid)
(PAA), in which the two li-
gands were self-assembled
onto the nanoparticle surface
to form apparently segregated
domains; 2)silica was then

B) eccentric, and C) concentric geo-
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formed by the Stober method onto the MBA region, where-
as PAA stabilized the exposed gold surface; 3) gold spikes
were then grown onto the “bare” gold surface by a surfac-
tant-free approach with ascorbic acid as the reducing re-
agent in the presence of HAuCl,, AgNO;, and HCI; and
4) the SiO, protecting shell was removed.

3. Electron Transfer of Janus Nanoparticles

The availability of structurally asymmetric Janus particles
provides a new and powerful platform on which the nano-
particles can be engineered and functionalized to an unpre-
cedented extent. This has been exemplified in a recent study
in which bimetallic Janus nanoparticles were prepared by
the interfacial engineering method and exhibited unique
electrocatalytic activity in oxygen reduction; a critical reac-
tion in fuel cell electrochemistry.”” In this study, bimetallic
silver—gold Janus nanoparticles were prepared by galvanic
exchange reactions of 1-hexanethiolate passivated silver
(AgC6, diam =5nm; Figure 8A) nanoparticles with
a gold(I)-mercaptopropanediol ([Au'MPD]) complex. The
experimental procedure was similar to that outlined in
Figure 3. Specifically, a monolayer of the AgC6 nanoparti-
cles were deposited onto a solid substrate surface by the LB
method and then immersed into the solution of [Au'MPD]
in water/methanol (1:1 v/v). Galvanic exchange reactions
were limited to the top face of the nanoparticles in direct
contact with the gold(I) complex solution. The resulting
nanoparticles exhibited an asymmetric distribution not only
of the organic capping ligands on the nanoparticle surface,
as shown by contact angle measurements, but also of the
metal elements in the nanoparticle cores, in contrast to the
bulk-exchange counterparts for which these distributions
were homogeneous within the nanoparticles, as manifested
by EDX elemental analysis in Figure 8 B and C. More inter-
estingly, despite a minimal loading of Au onto the Ag nano-
particles, the bimetallic AgAu nanoparticles exhibited en-
hanced electrocatalytic activity in oxygen reduction reac-
tions, as compared with the monometallic AgC6 nanoparti-
cles. Additionally, the electrocatalytic performance of the
Janus nanoparticles was markedly better than that of the
bulk-exchange ones, as shown in the Tafel plot (Figure 9) in
which the kinetic current increased by the order of AgC6 <
bulk-exchange < Janus nanoparticles, suggesting that the seg-
regated distribution of the polar ligands from the apolar
ones might further facilitate charge transfer from Ag to Au
in the nanoparticle cores, leading to additional improvement
of the adsorption and reduction of oxygen.

Metal-metal dumbbell-like nanoparticles have also been
prepared in which two different metal domains are epitax-
ially linked with two different types of material surfaces. For
instance, pear-like heterodimers and peanut- and clover-like
nanosized PtAu nanostructures have been synthesized by
Wang et al.’¥ The shape of the nanocomposites was con-
trolled by the intrinsic driving force for multiple and sepa-
rate nucleation of gold over platinum along the <111> di-
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Figure 8. Representative TEM micrographs of A) AgC6, B) AgAu bulk-
exchange, and C) AgAu Janus nanoparticles. Upper insets show the cor-
responding high-resolution TEM images. Lower insets in panels B) and
C) are the representative false-color energy-dispersive X-ray spectrosco-
py (EDX) elemental maps of bulk-exchange and Janus nanoparticles
with black symbols for Ag and white for Au. Reprinted with permission
of ref. [57]. Copyright 2012 American Chemical Society.

rection. Upon increasing size of the platinum seed particles
from 3 to 7 nm, the overall energy of the platinum-gold
structures became dominated by the interfacial energy that
growth of gold was allowed into separate particles on multi-
ple facets. Moreover, the resulting asymmetric nanostruc-
tures showed improved activities in methanol oxidation re-
actions relative to the original platinum nanoparticles. Al-
though the mechanism is still unclear, this may be due to
partial electron deficiency of platinum in the platinum-gold
nanoparticles as a result of electron transfer from platinum
to gold between their Fermi levels across the interface, simi-
lar to the work of bimetallic silver-gold Janus nanoparticles
described above.’”! Furthermore, clover-like platinum—gold
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Figure 9. Tafel plots of the area-specific kinetic current densities at varied
electrode potentials. Reprinted with permission of ref. [S7]. Copyright
2012 American Chemical Society.

nanoparticles were found to show greater electrocatalytic
activities in methanol oxidation than those of the pear-like
ones, because electron transfer could be more prominent in
platinum-gold with more gold branches.™ These studies
suggest that the spatial distribution of metal elements within
alloy nanoparticles may be exploited as a new powerful vari-
able in the manipulation of nanoparticle electrocatalytic ac-
tivity, in contrast to conventional alloy particles in which the
distribution is mostly random.

In more recent study, Wang et al. reported the prepara-
tion of metal heterostructures by using gold nanorods as the
seed particles.”” The strategy was based on a site-selective
silica coating for which silica was selectively grown either on
the two ends of the gold nanorods because of the higher cur-
vature or on the side surface when the ends were protected
by thiol-terminated methoxypoly(ethylene glycol). Over-
growth of another metal (e.g., Ag, Pd, and Pt) was then di-
rected only to the exposed gold surface, forming different
metal heterostructures. Nevertheless, the electron-transfer
properties of such engineered nanostructures remain to be
explored.

Charge transfer between the two components within
Janus nanocomposites has also been found to improve the
electrochemical performance of CuO—SnO, Janus nanorods
in applications as electrode materials for lithium ion batter-
ies.®!l These oxide composites were prepared by a one-step
method based on flame spray pyrolysis. Ultrasonically gen-
erated droplets of aqueous solutions of SnSO, and Cu(NOs),
with propane and oxygen were introduced into the flame
spray pyrolysis system at a specific rate. The SnO, and CuO
components were completely evaporated in the diffusion
flame at temperatures over 2500°C; thus forming Janus-
structured composite powders from the vapors by nucleation
and growth with spherical CuO deposited onto the surface
of rod-shaped SnO, because the latter exhibited a higher
melting temperature.[””? The CuO content of the composite
powders was >30 wt %. The aspect ratios of the SnO, nano-
rods in the SnO,—~CuO (70/30 wt%) and SnO,—CuO (50/
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50 wt %) composite powders were about four and three, re-
spectively. The composition of Janus-structured SnO,—CuO
was also confirmed by EDX elemental mapping.'*

Electrochemical studies were then carried out to evaluate
the performance of the SnO,—CuO composite powders as
electrode materials for lithium ion batteries, for which inser-
tion of lithium into the anode is referred to as discharging
and lithium extraction from the electrodes as charging. The
Janus SnO,—CuO composite powders exhibited higher ca-
pacity retention than that of pure SnO, nanoparticles, which
increased with increasing CuO content. For instance, pure
SnO, showed a capacity retention of 39 % after 50 charging/
discharging cycles, which doubled to 80% for the SnO,—
CuO (70/30) composite powders and 85% for SnO,—CuO
(50/50; note that a good cyclic performance of 392 mAhg™!
was also observed). It is likely that the enhanced electronic
conduction and charge transfer by the high-aspect-ratio
SnO, nanorods along the axial direction improved the elec-
trochemical properties of the Janus-structured SnO,—CuO
composite powders.

Furthermore, the CuO nanopowders attached onto the
SnO, nanorods were found to improve the electrochemical
properties of the composite powders by increasing the elec-
trical connection between the SnO, nanorods during cy-
cling.™ This conclusion was supported by electrochemical
impedance spectroscopic measurements in which the diame-
ter of the semicircles obtained before cycling in the medium
frequency region for the SnO,—CuO (70/30) composite elec-
trode was smaller than that of the pure SnO, electrode; this
indicated that the composite electrode showed lower
charge-transfer impedance than that of the pure SnO, elec-
trode. The reduction of the resistance can be attributed to
the improved electronic conductivity of the composite elec-
trode induced by the rod-like Janus structures. The compo-
site powders also showed lower charge-transfer impedances
than the pure SnO, electrodes after the 50th cycle. The im-
proved electronic conductivity of the electrodes played
a key role in the reduction of the overall resistance. The
SnO, nanorods may also relieve the mechanical stress asso-
ciated with the volume changes during the charging/dis-
charging process.®’

Charge transfer in Janus heterodimers has also been ex-
ploited for antimicrobial applications. For instance, the
highly asymmetric Ag,S—Ag heterodimers have exhibited
strong bactericidal effects on Escherichia coli K-12 upon
UV light irradiation.® The addition of Ag,S—Ag hetero-
dimers (0.0l mgmL™") under UV irradiation produced 3
times more units of inactivation of E. coli in 60 min com-
pared with the system without UV light. If the Ag,S—Ag
concentration was increased to 0.10 mgmL™, the E. coli
cells were completely inactivated within 50 min. The ob-
served enhancement of photocatalytic activity of this bipolar
composite was ascribed to easy evacuation of the lysates
from the cells because a closed intracellular circuit loop was
formed when UV energy was harvested with the surface-
anchored Ag,S—Ag heterodimers.
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In a more recent study, Ag,S—Ag heterodimer nanoprisms
showed improved photocatalytic activity in the inactivation
of E. coil cells under both visible and UV irradiation.”” The
Ag,S—Ag nanoprisms were prepared by overgrowth of Ag
on Ag,S—Ag heterodimers from reactions between CdS and
Agt in the dark. Under visible-light irradiation, the com-
plete inactivation of E. coli cells was achieved in 20 min,
and in 5 min under UV irradiation. More importantly, the
roles of heterodimers in the photocatalytic process were fur-
ther understood. If E. coli cells were exposed to visible light
for only 5 min, parts of the cell membranes became disinte-
grated; this suggests that the Ag,S—-Ag heterodimers can
function as effective antennas for different incident photons
in view of their outstanding photoabsorbing ability across
the UV-visible to near-IR region to generate plasmonic “hot
spots” at the corners of silver prisms that resulted in cell
membrane degradation.

4. Sensing Applications

Janus nanoparticles have also found extensive applications
in chemical and biological sensing. A recent example dem-
onstrates the potential of a designed Janus particle to incor-
porate therapeutic, targeting, and imaging modalities in one
particle, in which one side of the particle is covered by
a rough gold surface and the other side by polystyrene.[®]
The polystyrene hemisphere can be selectively functional-
ized with ligands for targeting, whereas the gold film can be
used for sensing or imaging that maximizes the efficacy of
therapy through surface-enhanced Raman scattering
(SERS). The Janus nanoparticles show effective targeting to
breast cancer cells when anti-HER-2 antibodies are anch-
ored on the polystyrene hemisphere surface and visualiza-
tion of their interactions with cells is made possible through
SERS detection of rhodamine 6G adsorbed on the rough
gold surface.

In another study, Sdnchez et al. described the applications
of Janus nanoparticles as signaling elements for biorecogni-
tion in electrochemical biosensing.*) Specifically, Janus
gold—mesoporous silica nanostructures were prepared by
masking mesoporous silica nanoparticles with paraffin wax
followed by functionalization with (3-mercaptopropyl)trime-
thoxysilane attached to gold nanoparticles. The resulting
Janus nanostructure was then functionalized with horserad-
ish peroxidase (HRP) on the silica face, in which the gold
surface was modified with streptavidin (Stv). Methoxypoly(-
ethylene glycol) thiol (PEG-SH, MW =5000) chains were
also attached to the metal face to confer solubility to the
nanoparticle. The Janus structure, Au-SiO,-HRP-Stv-PEG,
was observed by TEM, as shown in Figure 10.

To evaluate the biorecognition capability of the Janus Au-
SiO,-HRP-Stv-PEG nanostructures, electrochemical meas-
urements were carried out with a biotin-modified gold disk
electrode, onto which a film of Janus Au—SiO, was drop-
cast. The interfacial changes on the gold electrodes after se-
quential modification with biotin and Janus Au-SiO,-HRP-
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Figure 10. Schematic representation of the preparation of the Janus nano-
particle (JNP)-based biorecognition—signaling system and a representative
TEM image of Janus Au—SiO, nanoparticles. Au—MS = Au—-mesoporous
silica, APTES = (3-aminopropyl)triethoxysilane, DTSSP =3,3"-dithiobis(-
sulfosuccinimidyl propionate). Reprinted with permission from ref. [69].
Copyright 2013 Elsevier.

Stv-PEG nanostructures were analyzed by electrochemical
impedance spectroscopy. Attachment of the modified nano-
particles led to more significant insulating effects on the
electrode surface than that of control nanoparticles lacking
Stv; this suggested higher specific adsorption of Au-SiO,-
HRP-Stv-PEG on the biotin-coated gold surface through
the Stv motifs. Similar conclusions were reached from cyclic
voltammetric measurements, which attended to the observed
decrease in the peak currents and calculated electrochemical
surface area after sequential modification of the electrode;
this indicated that Janus Au-SiO,-HRP-Stv-PEG had the
ability to specifically biorecognize biotin residues on gold
surfaces.

Furthermore, the capacity of this colloid to produce an
enzyme-mediated electroanalytical signal was estimated by
comparing the cyclic voltammetric responses of the Au/
biotin/Janus Au-SiO,-HRP-PEG and Au/biotin/Janus Au-
SiO,-HRP-Stv-PEG electrodes upon the addition of H,0,,
for which an increase in the cathodic currents was observed
at both modified electrodes. However, larger cathodic cur-
rents were observed in the electrode modified with Au/
biotin/Au-MS JNP-HRP-Stv-PEG, which suggested that
a larger amount of nanoparticles were adsorbed on the elec-
trode and immobilized HRP electrocatalyzed the transfor-
mation of H,O,.

Janus gold nanoparticles have also been used as phase-
and orientation-specific sensors for dopamine (DA).” Janus
gold nanoclusters (2.6-5.0 nm in diam) were prepared by an
in situ interfacial method by spreading a solution (50 puL) of
a 1x1073M tetra-n-octylammonium tetrachloroaurate
([TOA][AuCl,]) complex in chloroform with a Hamilton mi-
crosyringe onto the water surface of a LB trough (a calculat-
ed amount of tryptophan (0.01 mgmL™') was also added to
the water subphase), followed by compression at a barrier
speed of 5Smmmin~' to a desired surface pressure. The
Janus gold nanoclusters were then deposited onto a glassy
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carbon electrode by the Langmuir-Schaefer method under
various surface pressures. Electronic communication be-
tween the nanoparticles may be controlled as a result of
varied interparticle distances and sizes, which ultimately
impact the sensitivity and detection limit of DA sensing.
The apparent electron-transfer rate constants for DA detec-
tion suggested a detection limit in the sub-nanomolar range.
The noncovalent interactions of the TOA™* ligands and tryp-
tophan in the monolayer arrays of the Janus gold nanoparti-
cles further facilitated the electrocatalytic oxidation of DA,
in which DA interacted with tryptophan at the nanoparticle
surface through hydrogen-bonding interactions, thereby en-
hancing electrocatalytic oxidation at the particle-modified
electrode. The presence of tryptophan at the peripheral
Janus particle hemisphere attracted an increasing number of
DA molecules towards the particle surface; thus enhancing
the sensitivity thanks to the preconcentrating effects.

5. Summary and Perspectives

We have summarized some of the most commonly used
methods for the preparation of Janus nanoparticles and
highlighted their applications in electrochemistry, sensing,
and photocatalysis. In general, the synthetic routes are
based on interfacial engineering involving immobilization of
the starting particles such that engineering and/or function-
alization of the particles can be selected spatially. Whereas
a variety of procedures have been developed for the prepa-
ration of (sub)micron-sized Janus particles, the leading
methodologies in the synthesis of nanometer-sized amphi-
philic Janus particles are largely based on Langmuir meth-
ods. With an asymmetric structure of the organically capping
shell and/or the metal cores, Janus particles exhibit unique
materials properties that are unseen with the homogeneous-
ly mixed counterparts, as highlighted in some recent studies
with their enhanced electrocatalytic, photocatalytic, and bio-
sensing activities.

Despite extensive progress in recent research, one major
hurdle is the difficulty in scaling up the preparation of Janus
particles. Thus, there is an urgent need in the development
of more effective synthetic protocols. In addition, creation
of more complicated patchy nanoparticles will be of great
interest because the structures and properties of the parti-
cles may be manipulated at an unprecedented level, which
will have a significant implication for nanoparticle-con-
trolled assembly as well as spatially selective functionaliza-
tion. Recently, Pons-Siepermann and Glotzer used computer
simulations based on dissipative particle dynamics to predict
the patterns of a mixed monolayer consisting of three thiol
derivatives self-assembled on gold nanoparticle surfaces.”!
With deliberate variation of four critical parameters—nano-
particle core diameter, degree of ligand immiscibility, ligand
chain length, and monolayer composition—they predicted
the formation of varied patchy structures, including striped
Janus particles as well as tri-patchy Neapolitan and Cerberus
nanoparticles. In a recent study, we demonstrated experi-
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mentally," for the first time, that trimetallic Ag@AuPt Nea-
politan nanoparticles might be readily prepared by two-step
galvanic exchange reactions at the two poles of silver nano-
particles. The results further demonstrate the effectiveness
of interfacial engineering in the spatially selected functional-
ization of nanoparticles. It is anticipated that the ready
availability of functional patchy nanoparticles will open up
a new chapter in the study of nanoparticle surface function-
alization and controlled assembly.
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