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T
he formation of complex functiona-
lized nano- and micrometer-sized
structures requires both specific pre-

cursors and well-defined assembly path-
ways to allow reproducible organization of
the molecular units. In particular, materials
in the crystal state are highly desired for
their high molecular order, which can easily
favor functionality. For example, in organic
electronics, it has been demonstrated that a
defect-free molecular order is required to
greatly increase the performances of crys-
tals and films, thus improving device appli-
cation and function.1�5 However, it is difficult
to identify optimum conditions for crys-
tallization and to reproduce these conditions
in a controlled environment. Furthermore,
high accuracy during assembly and determi-
nistic positioning of functional nanostruc-
tures are essential requirements for their
integration into usable devices operating
with optimum performance.6�8

Conventional techniques to form assem-
blies in the nanometer dimension include
purely chemical synthetic approaches,9�16

vapor deposition,17�20 and electrochemical
processes.21 Positioning of nanostructures

during their assembly became possible
by patterning of nucleation sites.18,20,22,23

For example, dip-pen nanolithography has
been used to control the initiation and
kinetics of polymer crystal growth.24,25 More
recently, a dip-pen direct delivery of femto-
liter reagent volumes enabled the sub-
micrometer crystallization of metal�organ-
ic complexes at desired locations on a sur-
face.23 However, the solubility and diffusion
of small molecules together with control
over the drying conditions remain some of
the hurdles of this technique.
In recent years, microfluidics has been

proven to be a particularly attractive method
for the formation of nanostructures because
the technologyprovides superior opportunities
for fluid handling andmetering, which enables
precise spatial localization of small reagent
volumes.26�32 The turbulence-free laminar
flow pattern in microfluidic devices facilitates
the prediction of molecular concentration dis-
tributions with respect to their diffusion coeffi-
cients, which enable reaction at predefined
places, e.g., at very well-defined interfaces of
co-flowing streams,30,33�35 and can be com-
bined with electrochemical methods.36
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ABSTRACT We present a novel microchip-based approach to combine

the synthesis, characterization, and utilization of different functional

materials on a single platform. A two-layer microfluidic device comprising

10 parallel actuated reaction chambers with volumes of a few hundred

picoliters is used to localize and confine the synthesis, while the surfaces of

the reaction chambers comprise an electrode array for direct integration and

further characterization of the created crystalline assemblies without the

need for further manipulation or positioning devices. First we visualized and evaluated the dynamics of our method by monitoring the formation of a

fluorescent metal�organic complex (Zn(bix)). Next, we induced the site-specific growth of two types of organic conductive crystals, AuTTF and AgTCNQ,

directly onto the electrode arrays in one- and two-step reactions, respectively. The performance of the created AgTCNQ crystals as memory elements was

thoroughly examined. Moreover, we proved for first time that AuTTF composites can be used as label-free sensing elements.

KEYWORDS: microreactor chamber . functional materials . charge transfer . diffusive mixing . sensors

A
RTIC

LE



CVETKOVI�C ET AL . VOL. 7 ’ NO. 1 ’ 183–190 ’ 2013

www.acsnano.org

184

Furthermore, chemical reactions confined in nano-
liter and sub-nanoliter volumes within microfluidic
platforms have been reported using microwells cre-
ated in glass or polymer surfaces37�39 or within water-
in-oil droplets.40�42 Continuous, droplet-based meth-
ods are useful to rapidly screen reaction conditions and
to systematically vary the concentration of precursors.
However, some aspects such as the conductance of
multistep reactions, solvent exchange, the washing
steps, and the separation of the product from the oil
phase remain challenging. For the formation of nano-
structures, the further integration into a functional unit
remains difficult. Alternatively, micrometer-sized reac-
tor chambers can be created by integrating pneuma-
tically or hydrodynamically actuated valves into
microfluidic channel networks. These static microreac-
tors can be arranged in a highly parallel fashion and
used for biochemical and chemical reactions.43 For
example, Quake and co-workers reported a micro-
device where two separate volumes could be merged
together under convection-free conditions.44,45 The
microchip was used for screening the optimum condi-
tions for protein crystallization.
Here, we adopted this approach and optimized it

for the localized formation of metal�organic-based
materials. We employ microchamber arrays, each
encapsulating a volume of a few hundred picoliters,
to form anisotropic structures (“micro- and nano-
wires”) in one- or two-step reactions under mild
conditions. This localized formation opens the door
to directly use and characterize the structures by
means of integrated microelectrodes patterned on
the surface of the microchambers and connected to
external readout devices. Moreover, we demonstrate

the ability of the conductive wires for sensing of
vaporized solvents.

RESULTS AND DISCUSSION

The microfluidic device was fabricated using stan-
dard soft lithography methods and consists of two
layers (Figure 1), one bottom layer for fluid supply
(hereafter referred to as the fluid layer) and a top layer
for pneumatic actuation of the integrated valves
(hereafter referred to as the control layer; for further
details see Experimental Section). The platform imple-
ments 10 parallel microchambers operated by three
parallel control lines. Upon pressurization with nitro-
gen, a polydimethylsiloxane (PDMS) membrane is
lowered into the chamber to form tightly closing
valves. In a typical experiment, two reagents are sup-
plied from either side of the microchip into the micro-
chambers, while the central valve is closed. Actuation
of the outside valves on both sides results in the
compartmentalization of the two reagents into a pre-
cise volume of 300 or 675 pL, depending on the
microchip design. Once the middle valve is opened,
the two liquids are in contact, allowing diffusion of the
precursors within the microchamber. The operation of
the device is visualized in Figure 1d�g using two food
dyes together with schematic side-view representa-
tions of the entire diffusive process, as shown in
Figure 1h�k. Undoubtedly, a completed diffusion
mixing was manifested with the appearance of green
color in the entire microreaction chamber after yellow
and blue food dyes were allowed to spread within the
enclosed and localized reaction volume (Figure 1g).
Additionally studies were performed with fluorescent
beads to demonstrate and ensure the diffusive mixing

Figure 1. Design and operation of the device made in PDMS by multilayer soft lithography. (a) Micrograph of the multilayer
PDMS chip with an array of 10 parallelmicrochambers in the fluid layer (red channels, 10 μmhigh). Fluidmetering and supply
is controlled by three pneumatically actuated valves (control layer, blue channels, 100 μm high). Scale bar: 750 μm.
(b) Magnification of two microchambers. The final microchambers are confined by the two side valves and encapsulate a
volume of 675 pL. Scale bar: 150 μm. (c) 3-D schematic view of one microchamber (not to scale). (d�g) Series of micrographs
showing the operation of the valves and the diffusive mixing of two food dyes in a typical reaction procedure. (d) Introduc-
tion of the reagents, (e) compartmentalization of two reagent volumes on either side, (f) opening of the central valve, and
(g) diffusive mixing. Scale bars: 100 μm. (h�k) Corresponding schematic side views.
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condition of the device (see Supporting Information
movie M1).
Next, we visualized the interface by the localized

synthesis of a metal�organic complex, Zn(bix), based
on the coordination between zinc metal ions and 1,4-
bis(imidazol-1-ylmethyl)benzene (bix) molecules. This
complex was selected as it exhibits a strong blue
fluorescence after coordination of zinc metal ions with
bix molecules.46 To induce the reaction, an aqueous
solution of Zn(NO3)2 (20 mM) and a solution of bix in
ethanol (20 mM) were supplied to the microchamber
while keeping the middle valve closed. After compart-
mentalization and opening of the middle valve, the
reaction occurred immediately. Figure 2a�d shows a
sequence of fluorescence images monitoring the reac-
tion inside the microchamber at different times. Image
analysis of the fluorescence intensity over the course of
the coordination reaction at the interface suggests a
complete coordination within 10 seconds (Figure 2e).
Note that the interface is blurred toward the compart-
ment where bix was initially introduced, because Zn
ions diffuse much faster toward this compartment,
thereby reacting with the slower diffusing bix mol-
ecules. Such precise confinement of a reaction is al-
most impossible to achieve in a conventional synthetic
process and may allow mechanistic studies of mixing,
complexation, and coordination processes.
Having this tool for localized synthesis, we are not

only able to form functional materials but can also
directly integrate the structures with electric readout
components without any further manipulation pro-
cesses, which could harm their quality and func-
tion. For this, the microfluidic system was sealed to
a glass plate that was patterned with an electrode
array matching the design of the microchambers
so that each chamber contained a pair of electrodes
(Supporting Information Figure S1). These electrodes
were connected via conventional wires to external
instruments. In the following, we show the synthesis
and characterization of conductive crystalline struc-
tures made of metal�organic compounds either by a
solid-state reaction (AgTCNQ) or in solution (AuTTF)

(Supporting Information, Figures S2 and S3,
respectively).
AgTCNQ crystal growth required a two-step reaction

process. First, a controllable growth of silver layers
inside 10 parallel microchambers was performed by
the reaction of silver salt solution (AgX) with reducer
agent solution (ReD) (Figure 3a (i) and 3b). After rinsing
off the surplus solution, the chip was dried and satu-
rated tetracyanoquinodimethane (TCNQ) solution in
acetonitrile was added to the reaction chamber, keep-
ing one of the side valves closed to allow only diffu-
sion of TCNQ into the microchamber (Figure 3a
(ii) and Supporting Information Figure S4). Forma-
tion of AgTCNQ wires could be observed within a few
minutes, and after total consumption of the electroless-
deposited silver layer, the TCNQ residue was washed
away with pure acetonitrile (Figure 3a (iii)).
The deterministic positioning of the silver film in the

first reaction step inside the microreactor chambers
enabled the site-specific growth of crystalline AgTCNQ
structures in the second reaction step. Electroless
deposition of silver has been previously demonstrated
withinmicrofluidic platforms for fluidic-assisted forma-
tion of silver wires;33,47 however the on-chip chemical
conversion into AgTCNQ is novel. It is especially attrac-
tive because it constitutes a promising example toward
localized multistep synthesis and solid-state reactions
in sub-nanoliter volumes. In addition, AgTCNQ struc-
tures could be used as a crystalline scaffold for the
fabrication of organic memories and logic molecular
electronic components.14,16,21,48�52

Optical images of themicrochambers observed with
a polarized light microscope clearly indicate the for-
mation of AgTCNQ crystals with anisotropic, wire-like
morphology (Figure 3c,d and Supporting Information
Figure S5). The AgTCNQ wire-like crystals are not
perfectly uniform in size. Typically, diameters ranging
from 1 to 1.5 μm and lengths from 7 to 50 μm were
characterized from a statistical treatment of optical
micrographs collected from repeated experiments.
This random size distribution may result from different
silver film thickness, as demonstrated previously with

Figure 2. Formation of the fluorescent metal organic complex Zn(bix). (a�d) Fluorescence images taken at different times
after opening the central valve. Scale bars: 50 μm. (e) Normalized fluorescence intensity of the microchambers versus time.
The values are averages of four measurements. The reaction was completed after about 10 s. (f) 2-D surface plot of the time-
resolved reaction showing the fluorescence intensity within the microchamber.
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vacuum deposited metal films.20,50,53 Optical micro-
scopy images and scanning electron microscopy stud-
ies performed at different silver film thicknesses and at
lower silver precursor concentrations verified this as-
sumption (Supporting Information Figures S6 and S7).
The AgTCNQ crystals were characterized by attenu-

ated total reflectance (ATR) IR spectroscopy, powder
X-ray diffraction (PXRD), scanning electron microscopy
(SEM), and energy dispersive X-ray spectroscopy (EDX).
SEM-EDX studies confirmed the presence of Ag, N, and
C in the AgTCNQ wires (Supporting Information Figure
S8), and ATR-IR spectroscopy indicated characteristic
peaks of AgTCNQ with bands assigned to reduced
TCNQ molecules located at 2198, 2183, 2160, 1506,
and822cm�1 (Supporting InformationFigure S9a).13,54,55

PXRD characterization confirmed the crystalline nature of
the AgTCNQ wires, and the presence of peaks at 2θ =
10.3�, 14.6�, 20.3�, 20.8�, 21.2�, 23.0�, and 23.5� proved
the formation of AgTCNQ crystals in the form of AgTCNQ
phase II (Supporting Information Figure S9b).10,11,51

To confirm the success of the direct integration of
AgTCNQ wires, electrical characterization of the silver
layer before and after reaction with saturated TCNQ
solution was performed following solvent evaporation
at room temperature and under ambient conditions.
Figure 3e presents a linear I�V sweep of the silver film,
which indicates its metallic character and good con-
tact with the microfabricated electrodes, and a non-
linear symmetric curve from the AgTCNQ wires pro-
duced after the on-chip conversion (Figure 3e and f,
respectively). By applying a reversible electric field,
two switchable states were confirmed, indicating low

(or OFF) and high (or ON) conductivity states. These
memory effects of AgTCNQ wires have been observed
by other groups in former studies and are potentially
useful for electronic devices.16,19,20 Noteworthy, no
degradation in the wires' performance was observed
even after 100 cycles (Figure 3g and Supporting In-
formation Figure S10).
The second synthesis was the formation of crystal-

line AuTTF wires, which was initiated after static com-
partmentalization of tetrathiafulvalene (TTF, 24 mM)
and hydrogen tetrachloroaurate (6 mM) solutions,
both in acetonitrile, and subsequent release of the
middle valve (Supporting Information Figure S11).
Lower concentrations resulted in no visible wire for-
mation (data not shown), thus suggesting an opti-
mized range of concentrations to be used in order to
guarantee a rapid and visible synthesis of AuTTF wires
inside the microreaction chambers. Figure 4a shows a
polarized micrograph of AuTTF wires formed in the
microchamber synthesis.Micrographs acquired through
crossed polarizers indicate the crystalline nature of
the AuTTF wire-like structures (Supporting Information
Figure S12). I�V characteristics were studied with the
two-point probe method after acetonitrile was evapo-
rated at room temperature. Several AuTTF wires were
measured after formation inside different microcham-
bers showing similar I�V dependencies (Figure 4b). The
uniformity of these results demonstrates the suitability
of the method for parallelized integration.
Nano- and micrometer-sized conductive wires

could potentially be used as highly sensitive sensors.
We proved the AuTTF sensing capabilities upon direct

Figure 3. (a) From (i) to (iii) schematic illustrations showing the AgTCNQ wire formation inside a microreactor chamber.
(b) Micrograph of an in situ formed silver layer inside a microreactor chamber. (c) Polarized micrograph of the same
microchamber after reactionwith saturated TCNQ solution in acetonitrile, and (d) amagnified image of (c). In white, platinum
electrodespatternedon topof the glass slide (electrodeheight: 100nm). (e and f) Representative I�V characteristics of a silver
film and AgTCNQ wires formed inside a microfluidic platform, respectively. (g) Graph showing the averaged normalized
current (ION/IOFF) in the ON-OFF state of on-chip-formed AgTCNQ memory as a function of the number of cycles. The data
presented correspond to three distinct microreaction chambers. The voltage considered for the ON-OFF state plotting was
fixed at 8 V. Scale bars: 50 μm.
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exposure to water and hexane vapors. Electronic trans-
port properties of AuTTF wires were acquired in two-
and four-point configuration while exposing them to
water and hexane vapors inside a gas-phase chamber
regulated with nitrogen gas and a syringe pump
system. Normalized resistances of AuTTF sensing ele-
ments as a function of time using two- and four-point
configuration are shown in Figure 4c and d, respec-
tively. Figure 4c shows averaged normalized resis-
tances of five different AuTTF sensors upon three sub-
sequent exposures to (i) water and (ii) hexane vapors.
The injections were performed at equal times and for
3 min in both cases. Experiments conducted under
shorter injection times (30 s) confirmed the reversibility
and the rapid response of AuTTF sensors to water
vapors, even after more than 30 subsequent injections
(Figure 4d (i) and (ii)). AuTTF sensing elementswere still
functional under the conditions investigated. But un-
der sufficient water supply, one may expect shorter
lifetimes due to deterioration of the AuTTF wires.
Compared to water vapors, the resistance change

induced by hexane vapors was negligible under
equal experimental conditions (e.g., exposure times,
temperature, humidity, nitrogen and sample infusion

flow rates) (Figure 4c (ii)) or longer exposure times
(Figure 4d (iii)). These results can be attributed to
the lack of interaction between nonpolar molecules
and ionic species such as AuTTF charge-transfer salt.
In accordance with common understanding, the
variation in AuTTF resistance upon exposure to water
vapors might be explained by considering noncova-
lent interactions of water molecules with the cation
and anion layer of the AuTTF charge-transfer salt.
AuTTF micro- and nanowires are known to have a
backbone scaffold of TTF cation radicals stabilized with
chloride counterions,12,34 and hence, it is expected that
exposure to water vapor of AuTTF wires will bring
variations to the charged components that are directly
involved in the current flow of the AuTTF conduc-
tive system. Indeed, humidity sensors described from
polyelectrolyte materials are based on this principle.56

While several humidity sensors have been described
exploiting resistance or capacitive changes occurring on
the surface of ceramics57,58 or polymer materials,59�62

the choice of a hybrid charge-transfer salt as a label-free
sensing unit opens up new opportunities toward
electronic noses and other sensing elements. To the
best of our knowledge, this is the first time that AuTTF

Figure 4. Formationandelectric characterizationofAuTTFwires and sensingperformance. (a) PolarizedmicrographofAuTTF
wires formed inside a microrector chamber and (b) multiple I�V sweeps of different integrated AuTTF wires. (c) Normalized
resistance response of five different AuTTF sensing elements cycled between (i) dry nitrogen gas andwater vapors and (ii) dry
nitrogengas andhexane vapors (exposure times: 3min). (d) Normalized resistances of oneAuTTF sensing element exposed to
(i) three injections of water (exposure times: 30 s), (ii) three injections of water after more than 30 subsequent injections
(exposure times: 30 s), and (iii) three injections of hexane (exposure times: 1min). All injections in (d) were started at the same
time points. Scale bar: 50 μm.
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composites have been used as sensing elements. On-
going research in our group is aimed at developing and
evaluating a wide range of other volatile substances
that could significantly influence the electronic state of
AuTTF wires.

CONCLUSION AND OUTLOOK

In summary, this study presents a novel and con-
venient approach where microchambers enclosing
picoliter volumes have been designed to facilitate
reactions in predefined small areas of a chip. Further-
more, in situ formed functional assemblies were inte-
grated with electrode arrays for direct characterization
and application, thus avoiding complex postproces-
sing or further fabrication steps, which could disrupt
their crystal nature. Besides the fine control regarding

positioning of functional crystalline materials and their
integration, this approach also offers other attractive
possibilities. For example, reaction conditions can
easily be optimizeddue to the rapid supply andexchange
of reactants and solvents. The combination of reaction-
controlled environments and direct integration of func-
tional crystalline assemblies on a surface makes this
microfluidic approach an attractive choice for the pre-
paration and investigation of different kinds of organic-
based molecular conductors and transistors on a single
surface. In other words, this approach could readily pro-
vide the basis toward straightforward screening plat-
forms and multifunctional array fabrication with
great promise for future work in outstanding disci-
plines covering molecular electronics, sensors, and
optics.

EXPERIMENTAL SECTION

Masters and Multilayer Chip Fabrication. Fluidic Layer Master Mold
Fabrication. The master mold for the fluidic channel was pre-
pared using a two-inch silicon wafer. First, the silicon wafer was
dehydrated for 5min at 180 �C on a hot plate. After drying, 1mL
of hexamethyldisilazane (Merck) was spin-coated at 7500 rpm
for 30 s to increase the adhesion of the photoresist. Next,
1�2 mL of positive photoresist AZ-9260 (Microchemicals) was
spin-coated at 1900 rpm during 60 s, creating a resist thickness
of approximately 12�13 μm for the fluidic layer. After a soft
bake process performed at 110 �C on a hot plate for 200 s, the
wafer was exposed to 750 mJ/cm2 UV light (at 365 nm) using a
mask aligner (MA-6 mask aligner, Karl Süss) and a transparency
photomask (Circuitgraphics). Development was conducted in a
mixture of 25 vol % AZ-400K developer concentrate (Micro-
chemicals) and 75 vol % DI-water for 3�4 min. A reflow of the
photoresist at 120 �C during 2 min permitted the formation of
round-shaped channels needed for the experiments. Silanization
using 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane (ABCR) of
the final wafer prevented polydimethylsiloxane adhesion during
molding of the fluid layers.

Control Layer Master Mold Fabrication. A four-inch silicon
wafer was dehydrated at 180 �C on a hot plate for 5 min. After-
ward, negative photoresist SU-8 2050 (Microresist) was spin-
coated at 1500 rpm for 30 s to create 50 μm high channels, and
thewafer was soft baked at 65 �C for 180 s then 450 s at 95 �C on
a hot plate. Next, the wafer was exposed to 180mJ/cm2 UV light
(at 365 nm) using a mask aligner (MA-6 mask aligner, Karl Süss)
and a transparency photomask (Circuitgraphics). A postexpo-
sure bake was performed for 60 s at 65 �C and then at 95 �C for
420 s on a hot plate. Development was preformed using mr-
Developer-600 (Microresist) for 6 min. Finally, the control layer
master mold was silanized using 1H,1H,2H,2H-perfluorodecyl-
dimethylchlorosilane (ABCR) in order to avoid PDMS adhesion
during chip fabrication.

Multilayer Chip Assembly. The multilayer chips were pre-
pared following the protocol established by the Quake group43

with minor variations. Briefly, a degassed PDMS mixture (20:1
w/w, elastomer/curing agent) was spin-coated at 2300 rpm on
the structured two-inch fluidic master mold wafer to create a
12�13 μm high PDMS membrane. The silicon wafer with the
spin-coated PDMS layerwas then precured for 15min at 80 �C in
the oven. The control layer was created by pouring another
mixture of PDMS (5:1 w/w elastomer/curing agent) on the
respective structured silicon wafer to create a 5 μm thick layer
of structured PDMS. The control layer was then precured for
30min at 80 �C in an oven, and connection holes were punched
afterward (biopsy puncher, Miltex, 1 mm o.d.). The two PDMS
layers were aligned and cured overnight at 80 �C in the oven to

achieve a permanent and final bonding. Next, holes were
punched (biopsy puncher, Miltex, 1 mm o.d.) through the two
PDMS layers in order to create the fluidic connections to the
fluidic layer, and the resulting multilayer PDMS assembly was
then plasma-bonded to a glass coverslip (24 � 60 mm No. 5,
Menzel Gläser) using a plasma cleaner (PDC-32G plasma cleaner,
Harrick Plasma, power 18 W, time 45 s).

Patterning of Pt Electrodes. For electrical characterization of
AgTCNQ and AuTTF wires, platinum patterned electrodes were
fabricated on top of glass coverslips (24� 60 mmNo. 1, Menzel
Gläser) by conventional photolithographic methods and phy-
sical vapor deposition. Briefly, after dehydration of the glass
coverslips for 5 min at 180 �C, a layer of image reversal photo-
resist AZ5214E (AZ Electronic Materials) was spin-coated on the
slips at 4000 rpm for 30 s. After a soft bake for 1 min at 100 �C,
the glass coverslip was exposed to 75 mJ/cm2 UV light (at
405 nm) using amask aligner (MA-6mask aligner, Karl Süss) and
a transparency photomask (JD Photo-Tools). Next, the glass
coverslip was baked for 45 s at 120 �C and again exposed to
300 mJ/cm2 UV light (405 nm) using a mask aligner. After
development in AZ726 developer (AZ Electronic Materials) a
10 nm adhesion layer of chromium and a 100 nm layer of
platinum were deposited on the glass cover by physical vapor
deposition (Plassys II, Plassys-Bestek). Finally the surplus metal
was removed by Microposit Remover 1165 (Rohm and Haas),
resulting in the patterned electrode slides.

Different designs were fabricated for two- and four-point
electrical characterization (Supporting Information Figure S1).

Chemicals. Solutions of tetrathiafulvalene (purchased from
Acros Organics, concentration 24 mM), hydrogen tetrachlor-
oaurate (purchased from Sigma�Aldrich, concentration 6 mM),
and tetracyanoquinodimethane (purchased from Fluka, satu-
rated solution) were prepared in acetonitrile. 1,4-Bis(imidazol-
1-ylmethyl)benzene was synthesized as described by Dhal
et al.,63 and a 20 mM (bix) solution in ethanol was used in our
experiments with a 20 mM aqueous solution of zinc nitrate
hexahydrate (Zn(NO3) 3 6H2O), purchased from Merck.

Electroless-Deposited Silver Film. The silver films were fabricated
using commercial HE-300 solutions (Peacock Laboratories, Inc.).
Two precursor solutions were prepared for the electroless
deposition of silver; one contained a 1:1 mixture of the activator
and the silver solution, and the other solution contained the
reducing agent. The mixture and reducer solution were diluted
by a factor of 2 and 3, respectively, with deionized water from
stock solutions. Different concentrations of the two precursor
solutions were studied; however an additional dilution with
deionized water by a factor of 3 of the two precursor solutions
was always used in our experiments, unless otherwise indicated.

Characterization of Nanomaterials. Four-Point Measurements.
The electrical measurements were performed by a applying
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current through a source electrode pair and monitoring the
resulting potential using a sensing electrode pair (Keithley
2612A). The macroscopic electrodes were positioned onto the
end of the Pt electrodes with a micromanipulator.

SEM, EDX, PXRD, and ATR-IR. SEM images and energy dis-
persive X-ray spectroscopy were obtained using a FEI Quanta
200 FEG. The powder X-ray diffraction measurements were
collected using a Stoe STADIP powder diffractometer equipped
with a linear position-sensitive detector. Samples were loaded
into 0.3 mm diameter capillary tubes (Merck) before PXRD
measurement. Attenuated total reflectance IR spectra were
recorded using a FTIR spectrophotometer (Perkin-Elmer, Spec-
trum 100) equipped with an ATR unit (Specac).
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