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We present a gram-scale synthesis of metallodielectric Janus
matchsticks, which feature a gold-coated silica sphere and a silica
rod. SiO, Janus matchsticks are synthesized in one batch by growing
amine-functionalized SiO, spheres at the end of SiO, rods. Gold
deposition on the spheres produces Au-—SiO, Janus matchsticks
with an aspect ratio controlled by the rod length. The metallodi-
electric Janus matchsticks, produced by scalable colloidal synthesis,
hold great potential as functional colloidal materials.

Janus particles feature an asymmetric structure with two distinct
physical and/or chemical characteristics."™ They have been stu-
died in a wide range of fundamental investigations including
stabilization of multiphasic mixture,”® micromotors and active
colloids,”® and colloidal self-assembly.'®** Metallodielectric
Janus particles are a particular type of anisotropic colloids that
comprise metallic and dielectric regions. They have been studied
as active colloids that exhibit dynamic propulsion and assembly
activated by chemical or external field."® For instance, platinum-
coated Janus spheres are able to self-propel by decomposing a
fuel such as hydrogen peroxide.'*"> Gold-coated Janus and
patchy colloids have been demonstrated with a variety of propul-
sion and assembly behaviors when activated by an AC electric
field.'**

A straightforward way of making these particles is by physi-
cal vapor deposition (PVD), whereby a thin metal film is coated
on a monolayer of dielectric spheres while enabling the shape
of the metal patch via glancing angle deposition.'>?® The
method, however, is limited by scalability and does not provide
much control over the particle geometry. Recent developments
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in colloidal synthesis have provided metallodielectric Janus
particles with more sophisticated shape control.>*** For instance,
the platinum-polystyrene Janus dimers have been synthesized by
a sequential chemical deposition of gold and platinum onto the
lobe with amine groups.”® Recently, a “cluster-encapsulation-
dewetting” method has been developed for making Janus parti-
cles (two lobes) and patchy particles (multiple lobes).**>® The
aspect ratio of Janus particles can be controlled by the dewetting
degree of the two lobes. After coating gold on the lobes, these
particles can be stimulated to propel or rotate, and form spinning
clusters or colloidal molecules under AC electric field.>” However,
the current synthetic methods involve multiple steps and are not
suitable for mass production of metallodielectric Janus particles.
Therefore, while these particles offer a great model system for
exploring the dynamic behaviors of active colloids, their material
functions have been largely overlooked due to the lack of facile
and scalable synthetic methods.

Herein, we develop a gram-scale colloidal synthesis of gold-
silica Janus matchsticks with a tunable aspect ratio. These Janus
matchsticks are made of a gold-coated silica sphere and a
straight silica rod. SiO, Janus matchsticks are synthesized by
sequentially adding a silane ((3-aminopropyl)triethoxysilane,
APTES) and the silica precursor (tetraethyl orthosilicate, TEOS)
to the as-synthesized SiO, rod suspension. The APTES hydro-
lyzes and remains soluble in the water droplet attached to the
SiO, rod, which not only increases the droplet’s volume and
transforms the rod to the matchstick shape, but also modifies it
with amine groups. The condensation of TEOS with APTES
solidifies the water droplet and fixes the matchstick shape. A
gold nanolayer is selectively coated on the amine-functionalized
SiO, sphere, resulting in the Au-SiO, Janus matchsticks. Our
work will enable future studies on their active propulsions and
potential applications in optical devices.

The synthesis of metallodielectric Janus matchsticks is sche-
matically illustrated in Fig. 1. A key step for creating the matchstick
shape is to modify the silica growth in the water droplet from the
rod by sequentially adding (3-aminopropyl)triethoxysilane (APTES)
followed by tetraethyl orthosilicate (TEOS). Given the different
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Fig.1 Schematic showing the synthesis of SiO, matchstick with an
amine-functionalized head and the site-specific gold coating to form
Au-SiO, matchstick.

chemical structures, APTES and its hydrolyzed products are soluble
in the water droplet which expands its size; this process transforms
the rod into the matchstick shape. If TEOS is added first, however,
its hydrolysis in the water droplet would simply extend the rod
length. The introduction of different silanes, such as hexadecyl-
trimethoxysilane, to the rod suspension has also been used to
make amphiphilic Janus particles.”®*° In this case, the silane and
TEOS are added as a mixture, by which the rods become partially
functionalized by the silane.

A detailed description of the synthesis is as follows: first,
Si0, rods are synthesized following a previous method.*® Water-
in-oil (W/O) emulsions are generated in a solution mixture
containing water, pentanol, polyvinylpyrrolidone (PVP), ammo-
nia, and sodium citrate. The addition and hydrolysis of the silica
precursor, TEOS, forms solid SiO, in the water droplets. The
water droplet partially engulfs the solid SiO, rather than fully
wetting it; thus, the subsequent silica growth occurs at the
interface of this solid SiO, and the droplet and occurs along
one dimension, producing a straight SiO, rod.

After the growth of SiO, rod, a silane, APTES, is added to the
rod suspension of same batch. APTES hydrolysis in the water
droplet forms soluble oligomers, which do not induce further
growth of the rod but rather introduce amine groups in the
droplet. At the same time, the size of the water droplet increases
with the addition of APTES, converting the SiO, rod into a
matchstick particle. To solidify the water droplet and fix the
matchstick shape, TEOS is added again and its condensation
with APTES oligomers forms the crosslinked SiO, sphere (i.e., the
head of the matchstick).

Water droplets attached at the rod end can be observed
under an optical microscope in some SiO, rods with large
diameters (Fig. 2a). After the subsequent addition of APTES and
TEOS, the SiO, Janus matchsticks are obtained, as shown in
Fig. 2b. To verify that only the spherical heads are functionalized
with amine groups, we use a fluorescent dye, fluorescein iso-
thiocyanate (FITC-NCS), where the NCS group forms a covalent
bond with the NH, group. Confocal microscopy of these particles
clearly shows that the fluorescence signal is only detected on the
spherical head of the matchstick as shown in Fig. 2c.

The SiO, sphere with amine groups is selectively coated with
a gold nanolayer, yielding the Au-SiO, Janus matchsticks. The
gold coating is performed by a two-step seeding and growth
protocol.>* Specifically, the amine groups can chemically bind a
gold precursor (chloroauric acid, HAuCl,),*" which is reduced
to gold nanoparticles on the surface of the silica sphere. The
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Fig. 2 (a) Optical microscope image showing water droplets attached at
the end of SiO, rods. (b) Optical microscope image of the SiO, Janus
matchsticks. (c) Confocal microscope image showing that the fluorescent
dye, fluorescein isothiocyanate (FITC-NCS) is selectively grafted to the
spherical heads of matchstick particles. (d) Optical microscope image of
the Au-SiO, Janus matchsticks. Scale bars = 1 um. (e) Scanning electron
microscope (SEM) image of the Au-SiO, Janus matchsticks. (f) Energy
dispersive X-ray (EDX) image of gold and oxygen. Scale bars = 0.5 um. (g)
Transmission electron microscope (TEM) image of the Au-SiO, Janus
matchstick, scale bar = 200 nm. (h) Distribution of length of rod, diameter
of rod and sphere based on counting at least 50 Au—-SiO, Janus matchsticks.

gold nanoparticles serve as seeds for the further growth of the
gold nanolayer covering the spherical SiO, head (Fig. 2d). The
change in the appearance of Janus matchsticks during the gold
coating process is shown in Fig. S1 (ESIt).

The gold nanolayers remain attached to the silica spheres after
sonication and several rounds of centrifugation-redispersion
process. We believe that the robust adhesion observed can be
attributed to the chemical adsorption of gold seeds onto amine-
functionalized spheres, as opposed to physical adsorption.
Furthermore, the subsequent gold growth step further reinforces
the attachment to the silica sphere. If only the first step of gold
coating is conducted, the spherical heads of Janus matchsticks
appear grey under optical microscope (Fig. S1b, ESIt), suggesting
that the amount of gold coating is limited.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) images of these particles clearly demonstrate the
formation of gold layers on the spherical heads of matchstick
particles as shown in Fig. 2e and f. In addition, transmission
electron microscope (TEM) images of Au-SiO, Janus match-
sticks are shown in Fig. 2g and Fig. S3b (ESIt). While it is
difficult to distinguish the gold film from the spherical head,
gold nanoparticles with the diameter of ~4 nm are observed at
the edge of the sphere and more than a single layer of such gold
nanoparticles are present. The average rod length is 1.84 +
0.24 pm and the average diameter of rod and sphere is 0.40 £+
0.05 and 0.67 £+ 0.14 pm, respectively, as shown in Fig. 2h.

We note that the addition of TEOS must follow the complete
hydrolysis of APTES within water droplets, which normally takes
a few hours (e.g,, 5 h). If TEOS and APTES are added simulta-
neously as a mixture to the as-synthesized rod suspension, their
condensation induces the growth of a tail-like silica tip at the rod
end instead of a spherical head, as shown in Fig. 3a-c. Under
these conditions, the rods from the particles can be coated
with gold, suggesting that the amine functionalization is not
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Fig. 3 (a)—(c) Schematic, optical microscope and SEM images showing
that adding APTES and TEOS as a mixture forms a silica tail at the end of
rod. (d) SEM image shows that rods are coated with gold. (e) Schematic
illustration showing gold coating on matchsticks in the absence of TEOS
addition. (f)-(g) Optical microscope and SEM images show that gold is
selectively coated at the tip of the rods where water droplets were
attached to. Scale bars = 1 um.

site-specific (Fig. 3d). Our data suggests that the sequential
addition of APTES and TEOS is essential for making the Au-
SiO, Janus matchsticks. If TEOS is not added after APTES, then
the water droplet containing hydrolyzed APTES dissolves in water,
which results in the removal of the spherical head. We find that
one tip of these rods is selectively coated with gold (Fig. 3e-g).
This may be due to functionalization of the silica rod ends with
amine groups prior to the dissolution of water droplets.

In addition, the concentration of APTES or the ratio of
APTES and TEOS can also influence the morphology of the Janus
matchsticks. As shown in Fig. S4 (ESIt), when the concentration
of APTES is lower than 21 mM at the constant concentration of
TEOS (45 mM), some of the SiO, rods on the matchsticks are
longer and become curly; and in some matchsticks, there are tails
that grow from the spherical heads. For all these experiments,
gold is found to be only coated on the spherical heads of
matchsticks.

We further demonstrate that the aspect ratio of the gold and
silica in the Janus matchsticks can be tuned by changing the
length of SiO, rods. Specifically, the diameter of gold-coated
sphere is generally fixed at around 0.7 pm as it is determined by
the diameter of the SiO, rod (around 0.4 um) shown in Fig. 2g.
The length of SiO, rod can be synthetically tuned from 0.8 pm
to 2 pm by the volume of TEOS for the rod growth, as shown in
Fig. 4a. The colloidal synthesis protocol allows scale-up of the
reaction volume of SiO, Janus matchsticks from 5 mL to 100
mL; subsequent gold coating following the same procedure as
described above yields Au-SiO, matchstick particles in >1
gram quantity (Fig. 4b and c). Such scalability is critical for
practical applications of these metallodielectric Janus match-
sticks with shape and chemical anisotropy.

In summary, we have demonstrated a scalable colloidal
synthesis of Au-SiO, Janus matchsticks consisting of a gold-
coated sphere and a silica rod. We find that the sequential
addition of APTES and TEOS to the SiO, rod suspension leads
to growth of an amine functionalized sphere at the end of SiO,
rod, therefore forming the matchstick geometry. Taking advan-
tage of the anisotropic surface chemistry, gold is selectively
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Fig. 4 (a) SEM images of the Au—-SiO, Janus matchsticks with a tunable
aspect ratio. Insets are the corresponding microscope images of SiO, Janus
matchsticks before gold coating. Scale bars = 1 um. (b) Pictures showing the
ability to increase the reaction volume and produce Au-SiO, Janus match-
sticks in gram scale. (c) A zoom-out SEM image of Au-SiO, Janus match-
sticks. Scale bar = 10 um. Inset is the zoom-in image. Scale bar = 1 pm.

coated on the spherical head of the matchstick. Both steps are
scalable enabling gram-scale production of Au-SiO, Janus
matchsticks. Our future studies will focus on investigating
the optical and plasmonic properties of these metallodielectric
Janus matchsticks. Moreover, the motion of these gold-coated
particles can be driven by AC electric field by the effects of
induced-charge electrophoresis (ICEP), electrohydrodynamic
(EHD) flow, self-dielectrophoresis (sDEP), which would be a
rich area for future investigations.
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