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ABSTRACT In this work, we demonstrate the results of a novel approach developed in our lab to prepare bimetallic Janus particles,
which are composed of silica particles with differing metals on opposite hemispheres. SEM imaging, EDS mapping, and XPS analysis
clearly indicate that beads are capped with two different metals, typically leaving an equatorial belt around the particle composed of
uncoated silica. Oxidation of some metal components can be induced by oxygen plasma exposure, producing compositional and
morphological changes. The facile conversion of metal to metal oxide heralds a wide variety of Janus particles with different electronic,
optical, and magnetic properties.
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INTRODUCTION
“Janus” particles (1) (that is, particles having two different

materials on opposite faces) have a wide range of potential
applications in drug delivery, microfluidic systems, optical
biosensors, and electronic devices (2–7). A primary feature
of all Janus particles is anisotropy, whether due to chemically
or morphologically asymmetric structure. Availability of two
or more different materials in one single unit would allow
varied physical or chemical functionalities. Structurally,
Janus particles may be considered as unique building blocks
to prepare advanced ordered structures based upon their
anisotropic attributes (8–13). In addition, the surface mul-
tifunctionality of Janus particles provides potential uses in
surface assembly and cargo transport. Of particular interest
is recent work demonstrating that Pt-silica asymmetric
particles and bimetallic nanorods undergo autonomous
motion due to conversion of stored chemical energy to
mechanical movement without external intervention, which
is very promising for driving micro- or nanobased devices
(14–16). One of the driving forces behind our research on
bimetallic Janus particles was to produce analogous spherical
materials.

Currently, there are many methods to prepare a wide
range of Janus particles for varied purposes (2, 17–40). In
this work, we will demonstrate the results of a novel ap-
proach developed in our laboratory to prepare bimetallic
Janus particles, comprising silica particles with different
metals on opposite hemispheres. These bimetallic Janus
particles have been thoroughly characterized by scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), which indicate that all silica beads are
capped with two different metals, typically leaving an equa-
torial belt around the particle composed of uncoated silica.
Subsequent possible chemical modification and transforma-

tion of these bimetallic Janus particles would provide in-
creased functionality. For instance, metals on the Janus
particle can be transformed by heterogeneous phase reac-
tions to form other species. This transition is expected to
lead to a wide variety of Janus particles with different
electronic, optical, and magnetic properties.

RESULTS AND DISCUSSION
A schematic representation of our four-step approach to

fabricate the bimetallic Janus particles is summarized in
Figure 1. A single layer of self-assembled silica beads are
coated with one metal using e-beam evaporation. The beads
are then inverted, and coated with another metal. Finally,
the formed bimetallic Janus particles are dispersed in solu-
tion by sonication. As shown in Figure 2a, metal evaporation
caused no apparent damage to the packing of the beads.
Note that “shadows” formed underneath the spheres during
the process of e-beam evaporation (Figure 2b). In contrast
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FIGURE 1. Schematic strategy to create bimetallic Janus particles:
(A) metal evaporation; (B) inversion; (C) metal evaporation; (D)
dispersion.
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to metal deposition by sputter coating, e-beam evaporation
is a ballistic process, in which atoms emitted from the source
crucible travel in straight lines in vacuum and uniformly coat
the metal in a line-of-sight fashion onto beads, producing a
“shadow” of metal on the substrate. In addition, only the
top surface of the particle is coated with a thick layer of metal
- because of the bead curvature, the metal thickness de-
creases as the “equator” of the bead is approached. Clear
phase boundaries visible by SEM imaging easily differentiate
the metal hemisphere from the silica (Figure 2c).

An important requirement for successful fabrication of
double-faced Janus particles was the identification of an
appropriate adhesive substrate used to “flip” the beads.
Three criteria were considered: adhesion to beads, heat
tolerance, and release characteristics. Adhesion to beads
should be sufficient to pick up the submicrometer structure
and hold them securely, but should not have a permanent
effect on the metal already evaporated on the surface. The
second evaporation of metal occurs with beads stuck on the
adhesive substrate, so it must tolerate temperatures up to
150 °C (as measured inside the e-beam evaporation cham-
ber during evaporation). Release characteristics were im-
portant in that an adhesive that did not release the beads
would render them useless, and if the adhesive material
remained adsorbed to the beads, it would interfere with the
desired properties, either by occluding the surface or adher-
ing beads together. Ideally, the adhesive should be com-
pletely soluble in solvent or removable by other processes,
leaving uncontaminated Janus particles. Many adhesive
substrates were tried, including commercial double-sided
tapes, carbon tape used as a conductive adhesive for samples
in SEM, epoxies, and sparingly cross-linked polydimethyl-
siloxane. The best substrate we have identified to invert the
beads was the commercially available double-sided adhesive
copper tape, commonly used as a conductive adhesive for
SEM substrates or EM shielding applications. More than 90%
of the beads on a substrate can be picked up by a single
application of the copper tape. As shown in Figure 3, the
inversion process had no obvious effect on the packing of
the beads. The copper tape adhesive is tolerant of the
elevated temperature, showing no deformation or distortion
over long periods of e-beam evaporation. Importantly, the
acrylic adhesive on the tape is very soluble in acetone,
providing a facile route to remove the beads from the
substrate. Simple sonication in a solution of acetone releases
the beads, and solvent washing with acetone produces Janus
particles with no trace of adhesive adsorbed, as indicated

by IR and XPS spectroscopy (see Figures S1 and S2 in the
Supporting Information).

Silica beads of sizes ranging from 800 nm to 4 µm in
diameter have been successfully inverted and evaporated
with two different metals. Initial expectations were that the
silica beads would be fully covered by two metals, one on
each side, with an overlap or contact between the metals at
the equatorial ring around the particles. However, as de-
scribed above, the deposited metal thins as the equatorial
region of the bead is approached. With metals deposited on
both sides, both thin to nonexistence at the equator, leaving
an uncoated belt of silica on each bimetallic Janus particle.
EDS mapping verified this result, demonstrating that the
metals do not fully coat on the bead hemisphere. Figure 4
shows a typical SEM image and EDS mapping result of those
Au/Pt bimetallic Janus particles that are made with our
approach. Note, as indicated in Figure 4a, that the edge of
Au tends to be smooth and extends to the equator whereas
the edge of Pt remains sharp, and the size of metal “cap” is
smaller. The difference is due to the presence of Ti as an
adhesion layer between the Au and silica. Ti and Cr are
commonly used as adhesion promoters for noble metals
because they adhere more uniformly to silica substrates than
Au and Pt. We have found that the addition of Ti as an
adhesion layer for Pt on silica also improved the wettability
of Pt (data not shown), and thus narrowed the belt gap
between two capping metals. To further understand the
interfacial interaction between metals and the silica sub-
strate, we are currently investigating the effect of metal
deposition rate, local temperature at the substrate surface
during deposition, curvature of the surface, and the effect

FIGURE 2. SEM images are shown of (a) hexagonally packed silica beads after first metal evaporation of gold with titanium as adhesion layer
(inset shows higher magnification view of the layer); (b) half-gold-coated silica beads on a 40°-tilted sample stage; (c) individual half-gold-
coated silica beads. Scale bar (a) 5, (b) 1, and (c) 1 µm.

FIGURE 3. Half-gold-coated silica beads inverted on the copper tape
followed by evaporation of 20 nm thick platinum (inset shows higher
magnification view of the layer). Scale bar 10 µm.
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of surface chemistry on the total coverage of the metal on
the silica particles.

This approach through e-beam evaporation seems to be
generally applicable for any metal which can be deposited
by evaporation. Through this approach, a broad variety of
metals, including ferrous metals, reactive metals, and noble
metals have been used to fabricate various combinations of
bimetallic Janus particles. Analysis of the resulting particles
by SEM and EDS clearly indicates the presence of two
metals, one at each hemisphere of the silica beads with
uncoated equatorial silica belts. An example of SEM imaging
and EDS mapping for Co/Ni bimetallic Janus particles is
shown in Figure S3 in the Supporting Information.

A potential advantage of these bimetallic systems is that
selective chemical modification of each of the metals and
the silica belt can facilitate multifunctional materials. Pos-
sible modifications include chemical adsorption, formation
of self-assembled monolayers, covalent coupling, and chemi-
cal transformation of metals into other materials. Here, we

have demonstrated the transformation of metal surfaces to
metal oxides through direct exposure of the Janus particles
to oxygen plasma. Because of their ease of oxidation, thin
films of Ag, Ni, Co, and Al are susceptible to air oxidation,
and in some cases spontaneously transform, at least in part,
into corresponding metal oxides. Direct heterogeneous
oxidation reactions have been performed by exposing bi-
metallic Janus particles to RF-generated air-oxygen plasma
in a plasma cleaning system for several minutes. The metal
oxides are marked by changes in composition, but also by
changes in morphology and structure. For example, SEM
images a and b shown in Figure 5 demonstrate the trans-
formation and corresponding morphological change of Ag
to Ag2O on Ag/Au bimetallic Janus particles before and after
plasma exposure, respectively. Ni/Au bimetallic Janus par-
ticles, however, do not show any significant change in
morphology upon exposure to oxidation (Figure 5c,d). Char-
acterization by XPS of silver and nickel films (20 nm) on a
flat silicon substrate (as a model system of comparison to

FIGURE 4. SEM image and EDS mapping results for 4 µm Au/Pt bimetallic Janus particles (Ti as adhesion layer between Au and SiO2); (a)
secondary electron image, inset: EDS mapping indicating Au (green) and Pt (red); (b) X-ray energy-dispersive spectrum, inset: enlarged region
of the XPS trace. Scale bar 2 µm.

FIGURE 5. SEM images of 2 µm Au/Ag bimetallic Janus particles (a) before and (b) after oxygen plasma exposure and 4 µm Au/Ni bimetallic
Janus particles (c) before and (d) after oxygen plasma exposure. Scale bar (a, b) 1 and (c, d) 2 µm.
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the Janus particles) exposed to oxygen plasma clearly indi-
cates the oxidation reaction due to the presence of an
intensified oxygen peak and the shift of metal peaks (Figure
6), which indicates the change in the oxidation state of the
metal. Note that the model system is necessary for com-
parison because the XPS data was convoluted by the random
orientation of the bimetallic Janus particle. Furthermore, the
SEM images also verify the similar morphological change in
both Ag and Ni thin films on the flat surface, compared to
the same films on the bimetallic Janus particle.

In summary, a simple approach has been applied for the
first time to fabricate bimetallic Janus particles, which
comprise colloidal spherical silica beads, capped with various
metals on opposite faces, leaving an equatorial silica belt
around the particle. Chemical transformation can be achieved
simply by heterogeneous oxidation reaction to form other
types of Janus particles for more valuable usages. The
presence of the uncoated silica belt also provides an op-
portunity to assemble various useful functionalities. Through
these and other approaches, the bimetallic Janus particle is
expected to have applications in a variety of fields, such as
photochemistry, photocatalysis, device photonics, and novel
magnetic and semiconductor materials.

EXPERIMENTAL SECTION
Fabrication of Bimetallic Janus Particles. A typical approach

to make bimetallic Janus particles using e-beam vacuum evapo-
ration is described as below. Uniform silica submicro- and
microspheres were purchased from Bangs Laboratories, Inc. As
an initial support, glass substrates were treated with piranha
solution (H2O2:H2SO4 ) 1:3) to form a hydrophilic surface. The

substrates were immersed in the piranha solution for 30 min,
then rinsed with DI water, and finally dried in a stream of dry
nitrogen. After drying, delivery of a drop (∼20 µL) of a suspen-
sion of beads (∼1% solids) to the surface produced a predomi-
nately close-packed monolayer of beads on the glass substrate.
The self-assembled beads were first coated with one selected
metal and then adhered to an adhesive support and inverted,
followed by evaporation of a thin film of another metal. Finally,
the beads were released from the support by sonication in
acetone, washed with acetone three times, and resuspended
in water. Various combinations of different metals have been
successfully deposited on opposite sides of the silica beads to
form bimetallic Janus particles. Metals that have been used
include gold, platinum, silver, nickel, cobalt, and aluminum.
Titanium was added as intermediate adhesion layer between
gold and silica-other metals were used with no adhesion layer.
For instance, 4 µm Au/Pt bimetallic Janus particles were pro-
duced by evaporation of 5 nm Ti and 20 nm Au on one side
and then 20 nm Pt on the other. Metal evaporation was
performed in an electron-beam evaporator (Temescal BJD-
2000). SEM (JEOL JSM-6490LV) was used to image the particles
at each step of the procedure. An EDS detector coupled with
SEM was used for elemental analysis. XPS (Phi 5000 Ver-
saprobe) was used to characterize the oxidation state of metals
after oxygen plasma exposure.
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Supporting Information Available: Figure S1 shows
comparative FTIR traces of the beads and adhesive tape
demonstrating complete removal of the adhesive from the

FIGURE 6. XPS patterns of thin film (a, b) Ag and (c, d) Ni on Si (111) after oxygen plasma exposure.
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Janus particles. Figure S2 shows high-resolution XPS of the
C1s region of beads before exposure to adhesive, after
exposure and purposefully incomplete rinsing, and after
complete rinsing. Figure S3 shows the SEM imaging and EDS
mapping results for 4 µm Co/Ni bimetallic Janus particles
(PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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