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Aligned polymeric nanofibers obtained via electrospin-
ning were sputter-coated with metals on both their front
and back side. When both sides were coated with the
same metal (gold, silver or platinum/palladium alloy), the
nanofibers behaved as pure conductors. However, coating
front and back of the fibers with different metals causes
a potential difference when they are immersed in aque-
ous solution. This potential difference propelled the Janus
fibers in the direction perpendicular to their long axis
when hydrogen peroxide was present in solution.

The production of nanofibers from polymer solutions via elec-
tro, spray or forced spinning1–3, has become a common prac-
tice. The most important and earliest discovered of these tech-
niques is electrospinning, which was rediscovered by Reneker
et al.4. Here a polymer solution is drawn into nanofibers by
applying a high DC voltage between a dispensing needle and
collector. The charged solution forms a Taylor cone that emits
a jet which evolves through banding instabilities and by this
stretches to nanometer dimensions. Details of the continu-
ous production of nanofibers by electrospinning technique are
given in a review by Reneker et al.1. Electrospun nanofibers
have been modified in different ways to incorporate metals for
a variety of applications. This includes direct incorporation of
gold and silver nanoparticles into the polymer solution before
spinning5–7, adding metal salts into the electrospinning poly-
mer solution and a later reduction in solution to form nanopar-
ticles8,9, or electroless plating of nanofibers10–12. A few re-
searchers have used e-beam evaporation13 and sputtering14

techniques to coat electrospun nanofibers with gold for appli-
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cations such as photocatalysis and surface-enhanced Raman
scattering. To our knowledge, creating ’Janus’ type coatings
by sputtering two metals on opposite sides of aligned fibers
obtained from electrospinning has not yet been done.

Nanofibers were produced from polymer solutions of
polyethylene oxide (PEO, 1000 kDa, 3 wt% in water) and
polystyrene (PS, 280 kDa, 25 wt% in DMF) in an electro-
spinning cabin CE IIA (IME Technologies, Eindhoven, The
Netherlands). The polymer solution was dispensed from a sy-
ringe with a needle diameter of 0.25 mm at a flow rate of 0.06
ml/min for PEO and 0.13 ml/min for PS using a Harvard sy-
ringe pump. A DC voltage of 25 kV for PEO and 20 kV for
PS was applied between the dispensing needle and a collector
plate placed 18 cm apart, with the collector being grounded.
The collector consists of two 0.2 mm thick aluminum stripes
0.7 cm wide and 1.5 cm long, placed 1 cm from each other.
The space between and around the stripes was covered with
a 1 mm thick polytetrafluoroethylene (PTFE) sheet15. When
a DC voltage is applied the nanofibers that are formed spin
across the the gap between two opposing aluminum stripes
and thus align parallel. Optical and transmission electron mi-
croscope images of the aligned nanofibers are shown in Fig.
1.a and b respectively.

The aligned nanofibers held between the aluminum stripes
provide an easy access to both sides of the fibers. By coat-
ing two sides of the nanofibers with one or different types of
materials, a whole variety of composite materials can be pro-
duced; examples include transparent conductors, optically and
magnetically active nanofibers or self propelling nanofibers.
As a proof of concept, we will demonstrate two applications:
metallically conducting nanofibers and Janus nanofibers. To
produce these two materials the aligned nanofibers were
coated with different metals using a sputtering technique. For
this, the target coating (gold, silver or platinum/palladium)
acts as the cathode and the fiber specimen to be coated is
grounded. Creating a discharge between the cathode and
the anode separated by 8 cm (in an argon environment at
20 kV), the ion bombardment causes the cathode to erode
and the eroded material sputter coats the anode. Figs. 1.c
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Fig. 1 a) Electrospun aligned nanofibers of polyethylene oxide; b)
transmission electron micrographs of aligned nanofibers coated with
gold on a copper grid; c) high magnification images of gold coated
nanofibers and d) platinum/palladium coated nanofibers, showing
the grainy structure of metals.

and d show transmission electron microscopy (TEM) images
(Philips CM200 operating at 200 kV) of nanofibers coated
with gold (Au) and platinum/palladium (Pt/Pd) on both sides
(for TEM image of silver coating see ESI Fig. S1† ). Con-
trolling the sputtering time allows to adjust the coating thick-
ness on each side, in the current case a 30 s exposure pro-
duced a thickness of 5-7 nm of the metal half-shells around
the nanofibers. Gold sputtering produced an interconnected
granular coating with a grain size of around 5 nm as shown
in Fig. 1.c. The Pt/Pd coating on the other hand gave a much
smoother coating with smaller grain size of the order of less
than 1 nm (Fig. 1.d).

The electrical conductivity of the metal coated fibers was
determined from a linear sweep voltammogram recorded us-
ing a Solartron SI 1287 electrochemical interface. Two elec-
trodes were attached to the aluminum foil next to the fibers
and the current was allowed to pass through the nanofibers.
Their was no influence of the aluminum and PTFE to the mea-
sured values of current. The current-voltage (I-V) plots of
aligned metal coated nanofibers are shown in Fig. 2. For a lin-
ear voltage sweep ranging from -1 to 1 V between both ends
of the fibers, a linear current response was observed for all
metal coated fibers which corresponds to a true ohmic behav-
ior. Nanofibers coated with gold gave the lowest current for
the applied voltage (on the order of nano amperes, see inset in
Fig. 2). This result can be correlated to the granular structure

of the gold coating (Fig. 1.c). The smooth surface structure
of the nanofibers coated with Pt/Pd and silver (Fig. 1.d and
S1† ) led to much higher currents (order of milli amperes) as
shown in Fig. 2. A rough estimation of the electrical resistiv-
ity from the measured resistance (from the I-V curve), the area
through which current flows (from the cross-sectional area of
the metal coating) and the length of the fibers give 1.10−8 Ωm
for Ag, 5.10−8 Ωm for Pt/Pd and 5.10−4 Ωm for Au. The elec-
trical resistivity of Ag and Pt/Pd are in good agreement with
known values but for Au the estimation is off by 4 orders of
magnitude. This is likely due to the fact that the Au layers is
not continuous but consists of Au islands that are electrically
connected by point-contacts.

Fig. 2 Current-voltage characteristics of aligned polyethylene oxide
nanofibers coated with gold, silver and platinum/palladium.
Transmission electron micrographs of the corresponding metal
coated nanofibers are show in Fig. 1.c, d and S1† .

Coating two different metals on opposite sides of the fiber
creates an anisotropy (a ‘Janus’ fibers) that causes the fibers to
develop self propulsion properties. Self propulsion has been
gaining much attention in recent years due to its advantages
over Brownian motion such as faster and directed motion of
nanoparticles16,17. The self propulsion of spherical particles
in hydrogen peroxide (H2O2) has been achieved by coating
one half of a sphere with Pt16 as a catalyst to reduce H2O2.
The addition of Au to cover the bare side gives an extra re-
action mechanism which increases the propulsion even fur-
ther16,18,19. Non-spherical self propellers such as nanorods,
carbon nanotubes, helical structures and other complex shapes
have also been investigated20–22. All of the self propelling
nanorods have been designed such that the propulsion is in the
direction along the rods long axis, or in some cases one end
of the nanorods is anchored to the substrate and the other is
free to rotate thus producing a rotational motion18. In contrast
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to this, using a Janus coating on different sides along the long
axis, the self propulsion can be directed along the short axis
of the rod. In this communication, as a proof of concept, we
show the self propelling nature of nanofibers coated on one
side with Pt/Pd and on the other side with Au, suspended in a
H2O2 solution. A dark field and bright field TEM image (Carl
Zeiss Libra, operating at 120 kV) of a single Janus nanofiber
is shown in Fig. 3. The TEM images show a clear distinction
between the two different half-shells. In Fig. 3 the Au coated
side of the fiber (right side) has a granular structure whereas
the Pt/Pd coated side of the fiber (left side) is smooth as has
been also seen for the fully coated fibers in Figs. 1.c and d.
A schematic of this coating as well as the mechanism pro-
posed16 for the reaction of H2O2 on the Janus particle coating
is shown in Fig. 4. The propulsion of the rod is due to the
movement of H+ ions created at the Pt side across the outside
of the fiber to the Au side. The momentum created by this
movement, as well as the drag that the H+ ions exsert on the
surrounding fluid, propels the rod in the opposite direction, i.e.
perpendicular to the long axis of the rod16.

Fig. 3 Dark field (a) and bright field (b) transmission electron
micrograph of a Janus fiber with Au (right side of the fiber) and
Pt/Pd coating (left side of the fiber) on the same nanofiber along its
long axis.

To monitor the self propulsion, the aligned Janus nanofibers
were ultrasonicated (550 W Elmasonic S100H, Elma, Ger-
many) in water so as to produce short nanorods. The
nanofibers when dropped in water initially exhibit aggrega-
tion. However, after ultrasonication for 30 min the nanofibers
were broken into shorter (polydisperse) rods and were well
dispersed in water. 50 µl of water containing Pt/Pd-Au coated
nanofibers was mixed with 1 ml of 7.5 vol% H2O2 and placed
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Fig. 4 Schematic representation of the self propulsion of nanorods
coated with gold on one side and platinum/palladium on the other in
H2O2 solution. The reaction mechanism of H2O2 with Pt and with
Au is also indicated16.

in a closed glass bottom culture dish (MatTeck corporation,
U.S.A.) to reduce disturbance from the surroundings. All the
fibers sink in water to the bottom plate due to the higher den-
sity of polystyrene, and the Pt/Pd-Au coating. Movies of self
propulsion of fibers were captured using an Olympus (IX71)
optical microscope and a Hamamatsu digital camera (C4742-
95) at a frame rate of ∼ 3 fps. Movie 1 (see electronic sup-
plementary information, movie M1†, 50X) shows three fibers
self propelling in 7.5 vol% H2O2 solution. Of the three fibers
in movie 1, the large aspect ratio (long) fiber exhibits a con-
stant directional motion along the surface. In contrast to this,
the low aspect ratio (short) fiber moves more erratic (due to in-
creased rotational Brownian motion). The intermediate length
fiber interacts with a dirt particle which is stationary prior to
interaction with the fiber. The fiber is able to ‘wipe’ away the
dirt by carrying it along the surface (see ESI movie M1† ).
Since the nanofibers are in the same image and are perform-
ing motions in different directions, erroneous effects such as
convection and sedimentation can be ruled out23. Since the
fibers are close to the bottom plate they experience a larger
frictional drag due to the interaction with the wall. Further-
more, the fibers moving perpendicular to the long axis expe-
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rience a larger drag compared to a movement along the long
axis20–22. Despite this, the nanofibers shown in Fig. 5 are able
to propel themselves.

To better visualize the directed side-ways motion of the
Janus rods, Fig. 5 shows a sequence of color coded optical
images from a second movie (see ESI movie M2† ). The rods
labeled 1-4 show translational motion perpendicular to their
long axis and their mean squared displacement (MSD) as a
function of time is shown in Fig. 6.a. For a purely Brown-
ian motion of a rod-like particle one would expect MSD to
show a linear dependence on time (∆L)2 = 4Dt, where (∆L)2

is the MSD, D = (2D‖+D⊥)/3 the diffusion coefficient and
t the time. This Brownian MSD is calculated for the selected
particles 1-4 and is also shown in Fig. 6.a. In comparison
to this the observed MSD of the self propelling rods is much
larger and furthermore shows a squared dependence on time at
time scales smaller than rotational Brownian motion which is
a hallmark of self propulsion16,23. Fig. 6.a also gives the ve-
locity of each particle obtained by fitting (∆L)2 = v2t2, where
v the velocity and t the time. On an average the velocity
of the particles are 1-2 µm/s for particles of 10-20 µm long.
To achieve propulsion at this velocity the rods must create
forces to overcome viscous drag in the perpendicular direc-
tion24 which for rods of 20 µm length and 3 µm diameter is of
the order of 1.10−16 N.

Clustering of two or more rods, or, an asymmetric coating
can lead to a rotation rather than linear propulsion. Examples
are particles 5 and 6 in Fig. 5. The orientation angle θ of par-
ticles 5 and 6 with respect to the x-axis as a function of time is
shown in Fig. 6.b. Again, the directed motion of the rotating
particles indicates a self propulsion, rather than a Brownian
motion. Furthermore, the average rotational velocity of these
20 µm long particles is 0.5-1.5 rad/s, with at least two orders
of magnitude larger than the rotational Brownian diffusion of
particles with similar dimensions (5-7.10−3 rad/s) . Unlike
particle 6 which shows a smooth rotation, particle 5 shows a
faster rotation however with a few collisions with other parti-
cles that are crossing its path.

To conclude, we have shown a simple and versatile method
to produce aligned nanofibers that are easy to coat with metals
on two different sides of the fiber. The current-voltage curves
show that these nanofibers behave like pure conductors, with
their conductivity depending on the type of metal as well as
the roughness of the coating. Janus nanofibers coated with
two metals (Pt/Pd and Au) on opposite sides along their long
axis show self propulsion perpendicular to the the long axis
of the fiber when placed in a H2O2 solution. These fibers,
in-spite of being long (� 1 µm) and of larger density than
the surrounding medium, are able to self propel even at the
boundary of the glass plate.

Fig. 5 Color coded optical microscope images of self propelling
Janus Pt/Pd-Au coated polystyrene fibers in 7.5 vol% H2O2. For
clarity only a part of the image with four time steps that are
approximately 17 s apart are shown. The corresponding movie is
given in the electronic supplementary information (see ESI movies
M2†).
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