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Abstract: Deposition of metals on TiO2 semiconductor
particles (M-TiO2) results in hybrid Janus objects combining
the properties of both materials. One of the techniques
proposed to generate Janus particles is bipolar electrochemistry
(BPE). The concept can be applied in a straightforward way
for the site-selective modification of conducting particles, but is
much less obvious to use for semiconductors. Herein we report
the bulk synthesis of anisotropic M-TiO2 particles based on the
synergy of BPE and photochemistry, allowing the intrinsic
limitations, when they are used separately, to be overcome.
When applying electric fields during irradiation, electrons and
holes can be efficiently separated, thus breaking the symmetry
of particles by modifying them selectively and in a wireless way
on one side with either gold or platinum. Such hybrid materials
are an important first step towards high-performance designer
catalyst particles, for example for photosplitting of water.

An efficient use of sun light as the primary and inexhaustible
energy source is an essential precondition for the replacement
of fossil fuels. Photocatalysis[1,2] is one of the many ways to
employ solar energy, for example, to produce chemicals.
Several types of semi-conductors, including TiO2, ZnO, CdS,
Fe2O3, MoO3, are applied as photocatalysts since they have
band gaps suitable for harvesting sun light.[3–7] TiO2 is the most

popular of these candidates and its properties include non-
toxicity, high stability, and efficiency.

Photocatalysts absorb light with energies larger than the
band gap and generate electron–hole pairs (e�–h+); electrons
in the valence band are excited to the conduction band,
leaving holes behind. The electrons and holes then migrate to
the surface to react with chemical species to form products.
The major drawback of semiconductor materials is usually
charge-carrier recombination. Furthermore, the band gap of
some semiconductors, such as TiO2, has limitations with
respect to the utilization of visible light, thus reducing the
overall quantum efficiency.[3,7–9]

Metal–TiO2 semiconductor (M-TiO2) hybrids combine the
properties of two materials in one, a good strategy to solve the
problems encountered with TiO2. The deposition of plas-
monic metals with high work functions, such as Au, Pt, Pd, on
a semiconductor enhances the efficiency of charge separation
because these metals act as an electron sink and also enhance
light absorption in the visible region.[10–12] For example, the
modification of TiO2 with gold improves charge separation by
promoting the transfer of the generated electrons from the
semiconductor to the metal.[13] Many reports studying the
deposition of metals on TiO2 with various methods have
shown that the catalytic activity of hybrid materials is much
higher compared to that of an unmodified semiconduc-
tor.[14–17] In addition, the morphology of the deposited
materials is gaining importance in engineering as it affects
the surface plasmon resonance properties, the optical absorp-
tion, and the generation of electron–hole pairs for photo-
catalysis.[18]

In this context so-called Janus particles[19, 20] are outstand-
ing candidates as multi-functional catalysts, since their
surfaces have two or more distinct physico-chemical proper-
ties. M-TiO2 Janus objects in particular are very promising
materials because the junction which combines the metal and
the dielectric oxide can generate strong local electric near-
fields.[18] For this reason, many examples have been reported
showing a high catalytic activity of M-TiO2 Janus particles for
various reactions.[18, 21, 22] Seh et al. found that the photocata-
lytic hydrogen generation on Janus Au-TiO2 materials is much
more efficient owing to the stronger localization of the
plasmonic near-field close to the Au-TiO2 interface at one side
of the particles.[18, 23]

M-TiO2 Janus particles can be synthesized by several
methods.[18, 21, 24,25] Bipolar electrodeposition, based on the
polarization of conducting objects in electric fields is often
used to break the symmetry, and in this way generates
anisotropic objects.[26–31] This low-cost and easy to set-up
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approach allows the bulk synthesis of Janus particles[32–35]

However, this strategy cannot be applied directly to the
deposition of metals on semiconductor materials owing to the
low conductivity of the semiconductor. Therefore, an addi-
tional light source is required to activate the formation of
charge carriers inside the semiconductor. Based on this
concept, Ongaro et al.[22] reported for the first time a site-
selective deposition of gold on TiO2 nanofibers as anisotropic
substrates, using UV light and a strong external electric field.
They assumed that the redox reactions occurred by activation
through incident light, while the electric field enhances charge
separation, leading to electric-field-assisted photochemistry.

Herein, we report on two major advances with
respect to the controlled bipolar modification of
semiconductor particles:
1) the successful modification of isotropic TiO2

semiconductor objects by light-induced bipolar
electrochemistry. Compared to anisotropic
objects, such as tubes, rods, or fibers, which
orient parallel to the electric field upon polar-
ization,[36] the use of isotropic objects is much
more challenging because they can rotate during
the deposition process, thus preventing the gen-
eration of well-defined Janus particles.

2) the modification of nanosized objects, which is
usually not possible with bipolar electrochemistry.
This is due to the fact that in classic bipolar
electrochemistry the electric field, which needs to be
applied, is indirectly proportional to the characteristic size
of the object, meaning that nanoparticles usually require
fields in the range of MVm�1. Investigating the mecha-
nism of metal deposition on TiO2, we were able to
demonstrate that it is possible to achieve metal deposition
with electric fields three orders of magnitude lower than
the ones required by the concept of classic bipolar
electrochemistry. Consequently, even particles in the
10 nm range can, for the first time, be selectively modified
through the synergetic combination of electric field and
light. The so-obtained Janus objects might be used for
a wide variety of applications, such as hydrogen and
oxygen evolution,[37–39] as well as the catalytic degradation
of organic compounds.[13, 24]

To carry out these experiments under the simultaneous
influence of light and electric field, a set-up illustrated in
Figure 1 has been used. Two electrode compartments are
connected by a channel which is filled with the reaction
mixture containing a jellified aqueous suspension of TiO2

particles and the metal salt (see Supporting Information).
To better understand and illustrate the mechanism of

asymmetric reduction on semiconductor particles, we carried
out a first experiment in which metal ions are reduced on
macroscopic TiO2 objects (macro-TiO2) made out of anatase
with dimensions in the millimeter range (about 3–6 mm). For
the first study, gold has been chosen as a deposit (Au/macro-
TiO2). The initially completely white TiO2 selectively turns
deep gray on the right, or positively polarized, side (dþ)
(Figure 2b) after applying an external electric field (E) of
about 6 kV m�1 and in the simultaneous presence of 100%

UV light intensity for 60 s reaction time in HAuCl4·3 H2O
media.

To confirm the asymmetric metal deposition, SEM images
were recorded at both sides of the object (Figure 2a,c). The
amount of gold particles at the dþ side is much higher than on
the d� part, which is opposite of what would be obtained for
conventional bipolar electrochemical deposition on conduct-
ing objects.[19, 40] When depositing platinum instead of gold in
a second series of experiments identical results are obtained
(Figure S1). This counter-intuitive observation can be under-
stood by the generation of an internal electric field inside the
semiconductor particle (Figure S2 in the Supporting Infor-
mation).

These first encouraging results nicely illustrate that the
simultaneous application of an electric field and UV irradi-
ation allows very efficient separation of electrons and holes
even for very big particles and thus validates the concept. This
opens the way for addressing two main challenging issues: the
downscaling of the particle size and the use of isotropic
particles. Therefore, TiO2 microspheres (micro-TiO2) were
then modified based on the same strategy. The asymmetric
gold deposition on micro-TiO2 was achieved by exposure to
an external electric field of 33 kVm�1 and 20 % UV light
intensity for 30 s (Figure S3 a,b). Even when the electric field
is reduced to 17 and 3 kVm�1, the deposition still results in
asymmetric particles (Figure S3 c–f). To confirm the chemical
nature of the deposits elemental analysis of gold (Au) and
titanium (Ti) was performed by energy dispersive X-ray
spectroscopy (EDX) (Figure 3).

It is of note that asymmetric gold deposition in a conven-
tional bipolar electrochemical process with conductive
objects of comparable diameter (10 mm) requires theoret-

Figure 1. Schematic representation of the bipolar electrochemical cell
allowing simultaneous UV irradiation.

Figure 2. a) SEM image revealing that only very few gold particles are deposited
on the negatively polarized side, b) Optical microscopy of the whole macro-TiO2

object, and c) SEM of the positively polarized side showing a high density of
gold particles (white spots).
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ically electric fields over 24 kVm�1 for triggering the chemical
reactions [Eq. (1) and Eq. (2)].[33] In the present series of
experiments we could achieve electrodeposition even with an
electric field as low as 3 kVm�1, almost one order of
magnitude lower than the theoretical value needed for classic
bipolar electrodeposition.

Reduction side :

AuCl4
� þ 3 e� Ð Auþ 4 Cl� E� ¼ þ0:99 V

ð1Þ

Oxidation side :

2 H2OÐ O2ðgÞ þ 4 Hþ þ 4 e� E� ¼ þ1:23 V
ð2Þ

This successful use of a low electrical field is because in
contrast to normal bipolar electrochemistry, it is not the
electric field which generates the chemical driving force, but
the light-induced charges provide the chemical energy. The
electric field has a different function, namely establishing an
internal electric field inside the particle for separating
electrons and holes and dragging them towards the opposite
extremities of the microparticles. Therefore, even an electric
field strength which is far below the one theoretically required
for inducing a bipolar electrochemical reaction will have
a significant impact on the symmetry of the synthesized
particles (see Figure S2).

In contrast to classic bipolar electrochemistry, where it is
possible to calculate in a quite straightforward way the
minimum potential that has to be applied to the feeder
electrodes, this is rather difficult in the present case and
actually there should be no real threshold but rather a con-
tinuum of efficiency increase, because the higher the applied
electric field, the better will be the separation of electrons and
holes. Nevertheless we have tried to estimate experimentally

such a threshold for a given set of experimental conditions
(micro-TiO2, illumination time 60 s, concentration of metal
salt 1 mm, UV light intensity 5%) and it seems to be between
1.5 kVm�1 (no metal deposit) and 3 kV m�1 (well defined
deposit).

Replacing the gold salt by a platinum salt confirms the
pronounced asymmetric deposition of the metal, even for
3 kVm�1 (Figure S4), which should in principle not lead to
bipolar electrodeposition on normal electric conductors. This
is very encouraging and allows speculating whether similar
experiments can be carried out even with nanoobjects instead
of microobjects.

Normal bipolar electrochemistry encounters severe lim-
itations when experiments need to be carried out with very
small objects because the driving voltage that has to be
applied between the feeder electrodes scales inversely with
the object size.[40] According to what has been observed with
the above microparticles (Figures 3, Figures S3 and S4) this is
not the case for semiconductors because the electric field is
not the driving force, but is just spatially directing the redox
chemistry. Therefore, experiments with TiO2 nanoparticles
were carried out in the following, as the synergy between
electric field and light should allow modifying such very small
particles (nano-TiO2). It is worth noting that using normal
bipolar electrochemical deposition, an electric field with an
amplitude of more than 5 MVm�1 is theoretically needed for
metal deposition on nanoparticles with a characteristic size of
100 nm (see Supporting Information for calculation).

When nanoparticles are just exposed to light in the
presence of metal salt the generated electron–hole pairs lead
to a completely unspecific deposition of metal. Figure 4a
shows that the aggregate of TiO2 nanoparticles is completely
covered with platinum. However, when applying simultane-
ously UV light and an electric field the situation drastically
changes. The metal is no longer distributed homogeneously
over the semiconductor nanoparticles, but rather undergoes
single-point electrodeposition of metal nanoclusters on indi-
vidual TiO2 nanoparticles, which then aggregate during the
iterative washing/centrifugation process and the drying on the
TEM grid, leading to objects such as the one shown in
Figure 4b. The photoexcitation is the same in both cases, but
the observed difference is very striking because without
electric field the metal deposition occurs literally everywhere,
whereas with the synergy of electric field and light statistically
every semiconductor nanoparticle is modified with just one
metal nanocluster (black spots with a size of 2–5 nm in
Figure 4).

This result indicates that it is possible to break the
deposition symmetry with electric fields that are more than
three orders of magnitude lower than those required by
classic bipolar electrochemistry. Figure 4c shows a HRTEM
image of a typical junction between the metal and the
semiconductor. Both components of the junction exhibit
crystalline order, as reticular planes can be observed and the
formation of a coherent heterointerface bridging the metal
and the semiconductor is evidenced.

In conclusion, the concept of bipolar electrodeposition
has been considerably extended by overcoming two major
road blocks:

Figure 3. a), b) SEM images of gold deposited on micro-TiO2 by
a simultaneous exposure for 30 s to 20 % UV light intensity and an
electric field of 3 kVm�1. c) EDX analysis of (b), red Ti, green Au.
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1) until now it was not possible to modify isotropic semi-
conductor objects by bipolar electrodeposition of metals
because of their rotation in the electric field during the
modification step. Modification of conducting isotropic
particles has already been demonstrated, but it is not
straight-forward to extend the gel-based concept to semi-
conductors, especially at the nanoscale, because the
employed gel needs to be removed without degrading
the nano-Janus objects

2) classic bipolar electrodeposition intrinsically requires very
high electric fields for the modification of nanoobjects and
therefore was so far mostly used for micron-sized particles

We could demonstrate that by taking advantage of the
synergy between light and an electric field it is possible to
induce bipolar behavior also on isotropic semiconductor
particles suspended in a gel, and, most importantly, trigger
metal deposition on particles with a characteristic size in the
10–30 nm range. This process only requires modest electric
fields, which are over three orders of magnitude lower than
what is theoretically needed in a classic bipolar electro-
deposition experiment without light. Furthermore, it has been
possible to provide evidence that the deposition mechanism
on semiconducting particles is opposite to what has been
observed for normal conductors, meaning that metal-ion
reduction occurs at the positively polarized pole of the object
owing to the electric field generated inside the semiconductor
which allows the efficient separation of electrons and holes
over long distances. The process is simple and low-cost and
therefore can also be scaled up for industrial production. The
so-obtained hybrid micro- and nanomaterials open the door
for the synthesis of high-performance bifunctional catalysts
for various applications, including water splitting and depol-
lution of organic waste.
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Janus Particles
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Anisotropic Metal Deposition on TiO2

Particles by Electric-Field-Induced Charge
Separation

Taking sides : The bulk synthesis of an-
isotropic metal–TiO2 particles is possible
through the synergy of bipolar electro-
chemistry and photochemistry. Bipolar

behavior is induced in isotropic semi-
conductor particles suspended in a gel
allowing metal deposition to generate
Janus nanoparticles.
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