Sensors and Actuators B 259 (2018) 475-483

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS an

ACTUATORS

Electrothermal silver nanowire thin films for In-Situ observation of )

thermally-driven chemical processes

Check for
updates

Eduardo D. Martinez®*, Ali F. Garcia Flores”, Hernan Pastoriza¢, Ricardo R. Urbano?,

Carlos Rettori®?

2 “Gleb Wataghin” Institute of Physics (IFGW), University of Campinas (UNICAMP), 13083-859, Campinas, SP, Brazil

b CCNH, Federal University of ABC (UFABC), 09210-580, Santo André, SP, Brazil

¢ Divisién Bajas Temperaturas, Centro Atémico Bariloche, Comisién Nacional de Energia Atémica, CONICET, Av Bustillo 9500, S.C. Bariloche, R8402AGP, Rio

Negro, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 4 October 2017

Received in revised form

22 November 2017

Accepted 4 December 2017
Available online 13 December 2017

Keywords:

Silver nanowires
Nanocomposites
Electrothermal device
Transparent conductors
Gold nanoparticles
pNIPAM

We develop a novel device comprised of high optical transmittance thin films containing silver nanowires
(AgNWs) in poly(methyl methacrylate) (PMMA) acting as heating elements. The electrothermal control
of the AgNWs network allows us to externally trigger and tune the temperature conditions required
to run chemical reactions and physicochemical processes. The device was successfully applied for the
spectroscopic in-situ observation of three different model reactions: i) the thermal equilibrium of a
CoCl,/HCI/H, 0 complex, ii) the reversible macromolecular phase transition of a pNIPAM solution, and iii)
the nucleation and growth of gold nanoparticles (AuNPs). In the first case, the color of the Co?* complex
was reversibly switched from pink to blue when changing the thermal equilibrium condition. In the
second one, the optical transmittance of an aqueous solution of carboxylic-terminated pNIPAM polymer
was cycled from high to low as the temperature of the solution was below or above the lower critical
solubility temperature (LCST) respectively. Finally, the electrothermal control on the device was applied
to the study of the nucleation and growth of AuNPs in an organic solution of AuCl; containing oleylamine
acting as both the reducer and the stabilizing agent. The versatility of the electrothermal device provides
an easy way to undertake thermally controlled processes and develop optical elements such as smart
windows and lab-on-a-chip devices. The AgNWs-PMMA nanocomposite was also applied successfully as
an electrothermal ink on the external side walls of a test tube.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

parent electrodes in the form of thin films. In this regard, AgNWs
networks stand as the most studied candidate to replace indium tin

Development of polymer-based nanocomposite materials aims
to combine in a synergistic way the properties of nanoscale addi-
tives with those of bulk polymer matrices. While additives are
incorporated to enhance the mechanical, electrical, magnetic or
optical properties of the composite materials, polymers play the
important role of providing convenient processing properties,
corrosion-protective environments for the additives and mechan-
ical flexibility of the final products. One of such examples of
nanocomposites is that of polymers containing silver nanowires
(AgNWs). AgNWs form percolating networks with high electrical
conductivity and low metal content [1-4] producing highly trans-
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oxide (ITO) as a transparent conductor, especially for flexible elec-
tronics [5-7]. Different formulations for AgNWs inks and coating
procedures to obtain high transparency, low haze, and low sheet
resistance have been proposed in the last few years, including pat-
terning techniques [8,9]. Furthermore, the well-known Joule effect
by which the current flow through the AgNWs network dissipates
energy in the form of heat has also been previously exploited in
order to form transparent heating coatings [10,11]. Applications
such as defrosting windows have been proposed in the past[12,13].
In addition, patterning techniques were recently developed to pro-
duce micrometer sized features on bothrigid and flexible substrates
using the AgNWs-poly(methy methacrylate) (PMMA) nanocom-
posite, either by electron beam lithography or by soft lithography
techniques [9]. On the other hand, the local heating of individual
AgNWs have shown to result in a much faster and more efficient
electro-thermochemical reaction than bulk heating [14], allowing,
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for example, the localized thermochemical growth of ZnO [15].
Besides their use as heater elements, AgNWSs have been applied,
using diverse processing techniques, in a plethora of technologies
summarized in recent reviews [16-18].

In this work, we extend those advances even further by develop-
ing a simple device where a thin film composed of AgNWs dispersed
in PMMA was used as a transparent heating element allowing the
external electrothermal control of the local temperature. By using
this device, several physicochemical phenomena could be ana-
lyzed in-situ by means of UV-vis transmission spectrophotometry.
Specifically, three chemical processes with a clear optical feature
but completely different in nature were studied using this method-
ology.

The first case is the well-known optical absorption changes that
take place when the equilibrium of the cobalt(Il) chloride com-
plex in aqueous solution is thermally disrupted. In the second case,
we analyzed the thermoresponsive polymer pNIPAM. This mate-
rial undergoes a solubility phase transition at a critical temperature
known as the lower critical solution temperature (LCST), close to
32°C for pure aqueous solutions [19,20]. Finally, a more complex
chemical reaction was investigated using our developed device.
The synthesis of gold nanoparticles (AuNPs) can be achieved by
a plethora of methods, many of them performed at a constant tem-
perature with a rapid injection of a chemical reducer, as is the
case of the classical Turkevich method [21], or by phase transfer
techniques, as that from Brust et al.[22]. In any of these cases, the
nucleation and growth of AuNPs is so fast that it is difficult to follow
in real time the evolution of the localized surface plasmon reso-
nance (LSPR). However, other synthesis procedures were already
developed where the kinetics of particle formation is slower and
can be controlled by adjusting the relevant parameters. One of these
methods is the reduction of AuCl,~ by oleylamine (OLA) [23]. In
this reaction, OLA acts also as a stabilizing agent by forming a cap-
ping layer on the formed AuNPs. As reported by Liu et al. [24], the
AuNPs-OLA synthesis can be followed by UV-vis spectrophotome-
try provided that the necessary equipment for the thermal control
is available, which is not often the case. In this work, we modified
the mentioned synthesis procedure in order to test the applicability
of our device for the in-situ study of AuNPs growth.

We call the attention on the different nature of the chemical
processes presented in this study; chemical equilibrium, solubility
phase transition and nanoparticle synthesis, all of them analyzed
using the same device. All these cases represent just examples of the
viabilities of the proposed device, where their fabrication provides
an accessible tool to perform thermally controlled experiments, not
only restricted to optical studies. We provide here the unique fea-
tures of a nanocomposite material based on AgNWs and PMMA to
develop a simple, yet robust and versatile, useful device.

2. Experimental
2.1. Synthesis of silver nanowires

The construction of the device starts with the synthesis of
AgNWs by the polyol method [25]. In this procedure, AgNOs is
the metal precursor, polyvinylpyrrolidone (PVP) is the structuring
agent which preferentially binds on the (100) faces of the nucle-
ated silver nanocrystals promoting the anisotropic growth of the
nanowires in the [110] direction. Ethylenglycol (EtGOH) acts both
as the solvent and the reducer. In a batch synthesis, more than
100 mg of AgNWs can be extracted [26]. Importantly, this proce-
dure was reported to be scalable up to one gram of AgNWs per
batch [27]. More details about the synthesis are provided in the
Methods section. The AgNWs after extraction were dispersed in
isopropanol (IPA) in a weight concentration of 2.5gL~1. For the
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Fig. 1. Scheme (a) and picture (b) of the electrothermal device comprising a
nanocomposite film of AgNWs in PMMA, a PDMS spacer with a reservoir and an
inlet channel (marked in red dashed line) and a cover glass slide. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

preparation of the nanocomposite, 2 ml of the AgNWs colloid in IPA
were centrifuged at 1000 rpm (174 relative centrifugal force) and
the supernatant was discarded. Then, 200 ml of a PMMA solution,
7% wt. in chlorobenzene, was added followed by vortex agitation
to homogenize the mixture. The as-obtained AgNWs-ink could be
used to form a thin film via spin coating or be applied as a conduc-
tive ink which cures at room temperature.

2.2. Preparation of the device

For building the device, a film was deposited by spin coating at
3000 rpm for 60 s on glass substrates and then heated at 180 °C for
2min in a hot plate. As an option, but not mandatory, gold con-
tacts were sputtered on the extremes of the substrate prior to the
film deposition to facilitate the wire bonding using silver paste and
thin copper wires. The AgNWs nanocomposite film on the glass
substrate constitutes the heating element of the device. A second
component acting as the spacer and reservoir of the solutions to be
studied was made with poly(dimethylsiloxane) (PDMS). A sheet
of this material was prepared (Methods section) and cut to the
appropriate size. The reservoir region was also cut with a circu-
lar hollow punch and an inlet channel was cut manually. Finally, a
glass slide was placed on top and office clamps were used to com-
press the PDMS sheet and seal the device. The final thickness of
the PDMS spacer was (1.7 £0.1) mm. A scheme and a picture of the
device are shown in Fig. 1. The calibration of the device (electri-
cal power vs. temperature) was performed by placing a calibrated
thermocouple in the reservoir filled with water. To perform the in-
situ experiments, the device without any content in the reservoir
was used as blank for the absorbance/transmittance measurements
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A

Fig. 2. Characterization of AgNWs by SEM analyses. SEM images (a, c) and statistical counting analysis of nanowires length (b) and diameter (d).

in a UV-vis spectrophotometer. The prepared solutions (Methods
section) were then placed in the reservoir by using a syringe. A
DC power supply was set to the appropriate output voltage and
switched ON and OFF either manually or by using a relay controlled
by an Arduino board. The acquisition was set automatically in the
spectrophotometer to register the absorption spectra at regular
time intervals.

3. Results and discussion

Silver nanowires were characterized by optical and scanning
electron microscopy (SEM) after the synthesis as shown in Fig. 2.
Although there is a broad dispersion in size, characteristic val-
ues of (60+30) wm in length and (115+30)nm in diameter
were extracted from statistical analysis of several SEM images. On
the other hand, the nanocomposite films formed by AgNWs and
PMMA after curing were characterized by SEM and atomic force
microscopy (AFM) as shown in Fig. 3a,b. The films present a ran-
dom arrangement of AgNWs with no preferential orientation. AFM
shows a rough surface with heights and valleys up to 100 nm, as
expected from the diameter of the nanowires. A step was formed
by scratching the film in order to measure its thickness (Fig. 3c,d). A
thickness of (1.0 £ 0.1) wm was obtained after fitting the step height
in the line profile indicated in Fig. 3c. The nanocomposite film
displays a sheet resistance of (2.0 +0.1) 2 sq~! as determined by 4-
probes measurements. The calibration was performed by placing a
thermocouple in the reservoir filled with water. Different DC volt-
ages were applied while registering the current flowing through
the AgNWs-PMMA nanocomposite film and the temperature value
indicated by the thermometer (Fig. 4a). A linear relation was found
although a slight deviation was observed for power values above
1.2 W. The temperature range attainable is from room temperature
up to 70°C. The optical transmittance of the film at 550 nm was
measured to be 67% (Fig. 4b).
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3.1. Thermal equilibrium of a cobalt chloride aqueous complex

The application of the device for the in-situ characterization
of thermally dependent absorption spectra was first tested using
a cobalt chloride complex. According to Le Chatelieri’s principle,
the equilibrium constant of the following reaction (Eq. (1)) is
temperature-dependent

[Co(HZO)G]er (aq., pink) + 4Cl*£>[CoCl4]2’ (aq., blue)+ 6H,0 (1)

Furthermore, the characteristic color of each cobalt complex
arises from the different crystal field splitting. Therefore, a color
change occurs when the reaction is shifted from the left to the right
side of Eq. (1), for example, by providing heat (A) and increasing
the temperature.

A cobalt chloride aqueous solution containing HCI was placed in
the reservoir of the device and the automatic absorption acquisi-
tion was started with a 30 s period between measurements. The DC
voltage source was set to 8 V output but remained OFF for the first
two minutes of the experiment. The spectral changes are displayed
in Fig. 5a where two main absorption bands in the visible region
are clearly distinguishable. The first band, centered at 520 nm is
present from the beginning of the experiment, i.e. at room tem-
perature (22°C), and accounts for the pink color of the solution.
When the power source is turned ON, a current flow was measured
to be (0.21 £0.02) A, corresponding to a total electrical power of
(1.6 £0.1) W, which represents a final temperature of 71 °C. From
this moment on, a second absorption band, centered at 664 nm,
begins toincrease its relative intensity until it becomes the predom-
inant feature of the solution, giving its blue coloration. As explained
in the Introduction section, each of these colors correspond to
the [Co(H,0)s]?* and the [CoCls]?~ complexes. The experiment
shows the change in the chemical equilibrium when temperature
is increased and the endothermic nature of the reaction displayed
in Eq. (1). The trends of each band during the heating and cool-
ing cycle after the subtraction of the baseline are shown in Fig. 5b.
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Fig. 3. Characterization of the AgNWs-PMMA nanocomposite film. A SEM image (a) shows the surface of the nanocomposite film after the thermal curing. AFM images
showing the surface features of the film (b) and a step height (c) formed by scratching it to determine its thickness. A height profile across the line drawn in (c) is shown in

(d). The film thickness was obtained from a fit of the step profile.
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Fig. 4. Calibration of the electrothermal device (a) and optical transmittance of the AgNWs-PMMA nanocomposite film (b). Arrows in fig. (a) mark the interval of the linear

regression calculation.

Although the absorption at 520 nm seems to increase as well, one
should consider that the band centered at 664 nm is broad and a
tale is superimposed to the first band. Pictures of the device before
and during the heating showing the characteristic coloration of the
solution are displayed in Fig. 5c and d respectively.

3.2. Phase transition of pNIPAM

In another set of experiments, the AgNWs-PMMA nanocom-
posite was applied successfully as an electrothermal ink on the
external side walls of a test tube and cured at room temperature. A
track of the nanocomposite ink was formed surrounding the bot-
tom of the tube as indicated by the red lines in Fig. 6a and thin
copper wires were contacted on both extremes with silver paste.
A certain amount of the pNIPAM 2% wt. solution was poured in
the tube. When the DC power was supplied, the increment in tem-
perature above the LCST triggered the transition and the solution
turned opaque. Below the LCST, the polymer is hydrophilic and

therefore soluble in water, forming a clear transparent aqueous
solution. However, above the LCST, the chain structure of the poly-
mer becomes hydrophobic and collapses. The solution becomes
turbid and the polymer precipitates. It is worth mentioning that
the LCST is barely independent of the polymer concentration or the
molecular weight, providing an excellent reproducible test system
for our electrothermal device [20].

In addition, the phase transition of pNIPAM was observed by dis-
pensing a carboxylic-terminated pNIPAM solution (0.5% wt.) into
the reservoir of the device. The optical transmittance and the trends
at 550 nm were followed by UV-vis by acquiring spectra each 5s
while temperature was externally controlled. The voltage was set
at 3V but cycled by switching the power supply ON and OFF with
a programmed relay. The cycle time was 5min. When the state
was ON, the current measured was (0.15+£0.01) A, giving a total
electrical power of (0.45 4 0.03) W and a final temperature of 36 °C
according to the calibration shown in Fig. 4. Photographs of the
device at low and high temperatures are shown in Fig. 6b. The
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Fig. 5. Application of the electrothermal device in the thermal equilibrium of a [Co(H,0)s]**/[CoCl4]*~ aqueous solution. The evolution of the absorption spectrum from the
cold (blue curve) to the hot (red curve) (a), the absorption maxima at 520 nm and 664 nm after the subtraction of the baseline (b) and optical images of the device in the cold
(c) and hot (d) states. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

evolution of the transmittance spectra during the heating cycle is
shown in Fig. 6¢. In Fig. 6d it can be seen that the electrothermal
control provided by the AgNWs network is effective in cycling the
temperature and triggering the solubility phase transition of pNI-
PAM. It is interesting noticing that the low and high transparency
switches require low electrical power input, as the LCST is around
32°C.However, for the first cycle, a delay of 27 s was observed after
the power was switched ON and the transition from high to low
transmittance begun. This should be the time required for the tem-
perature to surpass the LCST. Another delay of 117 s was observed
after turning the power OFF (first cooling cycle) and the system
begun to return to a high transmittance value. As previously men-
tioned, the solution should reach approximately 36 °C during the
ON state, i.e. 4°C above the LCST. The required time to cool down
explains the delay observed. In the following cycles, the time delays
are reduced to 11-12s for the heating branch and to 106-112s
for the cooling branch. The reversibility of the phase transition in
pNIPAM was clearly observed; however, a small decay in the trans-
mittance of the cycled profile was noticed. This may be caused by
remaining aggregates of pNIPAM due to the absence of agitation
in the reservoir, or because the final temperature during cooling
might have not reached the starting value. This last argument also
explains the reduction in the time-delays of the transition after the
ON and OFF switching.

Further studies of the pNIPAM transition could be easily pur-
sued using the electrothermal device; for example, by adding a
co-solvent, e.g. methanol, the LCST can be reduced [28], together
with the thermal capacity of the liquid, therefore reducing the ther-
mal inertia of the system and producing a faster transition. Adding

salts to the solutionis also known to produce areduction in the LCST
[29]. We call the attention to the fact that the thermoresponsivity of
pNIPAM has been extensively studied for a number of applications.
Because the LCST is in the window of many biological processes,
like cell culture and protein denaturation, thermoresonsive sur-
faces containing pNIPAM are commonly employed in biochemistry
and biology. In fact, the inclusion of an electrothermal nanocom-
posite layer in thermoresponsive surfaces may provide an extra
feature for biological studies [30]. Also, attention should be paid
to the integration of AgNWs-PMMA electrothermal films in smart
windows technologies using pNIPAM hydrogels and other ther-
moresponsive materials, as well as in lab-on-a-chip microfluidic
systems [31].

3.3. Synthesis of gold nanoparticles

In a final experiment, we used the electrothermal device as
a reactor where a precursor, a reducer and a stabilizing agent
in solution are thermally triggered to start the nucleation and
growth of AuNPs. In this case, a stock solution containing 5.45 mg
of AuCl3-3H,0 and 150 .l of oleylamine in 2 ml of benzyl ether was
prepared. The reservoir of the device was filled with the stock solu-
tion and aligned to the optical path of a UV-vis spectrophotometer.
The acquisition of the absorption spectra was programmed to occur
at a 60s cycle time. After the first two minutes, the power sup-
ply, set at a constant value of 5.5V, was turned ON and a current
of (0.15+0.01) A was measured, corresponding to an electrical
power of (0.82 +0.06) W. According to the calibration performed,
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this value of electrical power corresponds to a final temperature of
48°C.

We found that the formation of the LSPR could be easily reg-
istered and used for further analysis and modeling using Mie’s
scattering theory. Fig. 7a shows the evolution of the absorption
spectra, in which an absorption band peaked at 537 nm develops,
announcing the characteristics of the LSPR of AuNPs. The ampli-
tude and broadness of the LSPR absorption band is related to the
size and concentration of AuNPs in the colloid solution. On the other
hand, at prolonged times, the band becomes asymmetrical and red-
shifted, indicating plasmonic interactions among AuNPs. After 1h
of reaction, the power supply was turned OFF and the acquisition
stopped. The content of the reservoir was extracted and dispersed
in 1 ml of n-hexane inside an eppendorf tube. As can be seen in the
inset of Fig. 7b, the inner walls of the device present a bluish-gray,
explaining the broad blue-shifted spectrum due to deposition of
AuNPs on the inner surfaces of the device. However, the extracted
colloid shows a reddish/pink coloration characteristic of small size
spherical AuNPs. Interestingly, nucleation of AuNPs was observed
in the inner surface of the glass cover and not on the AgNWs-PMMA
surface, showing that AgNWs are not exposed to the solutions and
do not act as nucleating agents.

The extracted colloid was characterized in three different ways:
firstly, the absorption spectra was acquired and submitted to fur-
ther analysis (see below); secondly, dynamical light scattering
(DLS) measurements were performed in order to estimate the
mean size and size distribution of the AuNPs; finally, transmission
electron microscopy (TEM) was performed to directly observe the
AuNPs and remaining residues of the reaction. The absorption spec-

tra of the extracted AuNPs was analyzed by performing a calculation
based on Mie’s scattering theory by considering small spherical
nanoparticles for which the dipolar approximation applies [32].
Under this approximation, the total absorption of the colloid (A),
assuming there are no plasmonic interactions between particles, is
proportional to the absorption cross section and can be expressed
as [33]

A npCapsh  NnpCaps  Nnpklm[a]
~n(10) ~ In(10) _ _ In(10)
_ 247 NwpeN°r? Im [enp] )
= Tl

((Re [enp] + 2N2)2 + ’m[8NP]2)

In this equation, n, is the number of particles per unit volume and
h is the thickness of the reservoir region, i.e. the PDMS spacer layer.
The product of these two quantities gives the number of particles
per unit area of the reservoir, Nyp. The wavevector k=27w/A is mul-
tiplied by the imaginary part of the polarizability, o, to give the
absorption cross section Cyp,s. The refractive index of the dielectric
medium and the nanoparticle radius are N and r respectively.

For the calculation of the cross section, the dielectric function of
the AuNPs (enp) should be considered. This function can be calcu-
lated as a correction of the dielectric function of the bulk material.
In this case, we use the bulk values of the dielectric function of gold
as reported by Johnson and Christy [34], and the size dependent
correction as expressed by Kreibig and Vollmer [35],

wp? B wp?
@ +iwyy @2 +iw (yo +Avy/r)

enp (@, T) = Epuik (©) +

(3)
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Fig. 7. Absorption spectra of AuNPs during the in-situ experiment (a) and after
extraction and redispersion in n-hexane (b). The fitted absorption spectra as cal-
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medium.

where @ =¢/A, wp is the plasma frequency, vy is the Fermi velocity,
and yg is the damping frequency. The parameter A is a value close
to unity that accounts for the interface between the nanoparticles
and a dielectric supporting surface; in this case, for unsupported
AuNPs we used A=1 [36].

Fig. 7b shows the excellent agreement between the fitted
absorption and the acquired spectra for the AuNPs in n-hexane.
The fitting parameters were the particle radius, r, the refractive
index of the dielectric medium, N, and the coefficient multiply-
ing the cross section, Abs=Np/In(10). The calculation results in a
nanoparticle radius of 8 nm (16 nm in diameter), which is in good
agreement with the diameter of the AuNPs as determined by DLS
(d=(18+2)nm, Fig. 8a) and TEM (Fig. 8b,c). Interestingly, a large
population of small size of AuNPs with mean size (2.54+0.5)nm is
visualized by TEM that could not be detected by DLS nor the opti-
cal fitting of the absorption spectra. Most probably the synthesis
resulted in a delayed or continuous nucleation due to the low tem-
perature employed. The temperature dependence of the nucleation
and growth mechanism could be one of the subjects to be studied
by this method.

4. Conclusions

A nanocomposite ink containing AgNWs in a PMMA solution
was successfully applied on glass slides to produce conductive
films, 1 wm thick, with an optical transmittance of 67% and a sheet
resistance of (2.0+0.1) 2sq~'. The films were used as an elec-
trothermal element in a device that could be successfully used

to observe in real time the optical transitions of three different
physicochemical processes. For the case of cobalt chloride aque-
ous complex solutions we were able to follow the change in the
absorption spectra of the bands centered at 520 nm (pink) and at
664 nm (blue) as the temperature increases. The experiment shows
the change in the chemical equilibrium when the temperature is
increased and the endothermic nature of the reaction that substi-
tute the water molecules in the coordination sphere by Cl~ ions.
By using the electrothermal device to follow the solubility tran-
sition of a pNIPAM aqueous solution, we were able to study the
reversibility of the transition and the time delays associated with
the heat dynamics in the small volume of the cavity, all by externally
cycling the supplied power. Gold nanoparticles were synthetized
in the reaction vessel of the device using AgCls in the presence of
oleylamine by triggering the nucleation using the electrothermal
control. It was possible to follow in real time the evolution of the
optical absorption due to the gold plasmon resonance. Further anal-
ysis of the obtained particles show a large population of AuNPs of
small size (d<3nm) and spherical AuNPs of d=(18 +2)nm. TEM
and DLS results are consistent with the Mie calculations of the
absorption spectra.

We want to emphasize that the cases considered in this work
are mere examples of the potential applications for the proposed
device and for the nanocomposite ink. Moreover, electrothermal
active thin films based on the AgNWs-PMMA nanocomposite could
be integrated on lab-on-a-chip technologies for biochemical essays,
smart windows and microelectronics.

5. Methods

AgNO5 99.9999%, ethylene glycol (EtGOH) anhydrous (99.8%),
PVP 360000 molwt., FeCl3 and carboxylic acid terminated pNI-
PAM (average Mn 10000) were purchased from Sigma-Aldrich Co.
and used without further purification. PMMA 7% wt. in chloroben-
zene resist (PMMA C7) was purchased from MicroChem Corp, USA.
PDMS Sylgard 184 was purchased from Dow Chemical Company,
USA. Absorption/transmittance spectra were acquired in a Agilent
Cary 8454 UV-vis spectrophotometer with the ChemStation Bio-
chemical Add-On software installed (kinetics module). Electron
microscopy and AFM were performed at LNNano, CNPEM, Camp-
inas, Brazil. SEM images were acquired in a FEI Quanta 650 FEG
microscope operated at 20kV. TEM images were obtained with a
JEM 2100 equipped with a LaBg filament and operated at 200 kV.
AFM images were obtained using a Park NX10 in tapping mode at
287 kHz with a silicon tip Tap300-G from Budget Sensors. Images
were processed using the free software Gwyddion 2.42.

Silver Nanowires were synthesized by slowly adding 0.2 g of PVP
in 15 ml of EtGOH. In another flask, 0.25 g of AgNO3; were dissolved
in 10 ml of EtGOH and stirred for 1 hin darkness. After complete dis-
solution of both solutions they were mixed in a 200 ml round flask
and 3.25g of a 0.6 mM solution of FeCl3 in EtGOH were rapidly
added. The round flask was sealed and, without agitation, placed
into an oven pre-heated at 130°C, was kept for 5h. AgNWs were
extracted after synthesis by adding excess acetone and three steps
of centrifugation and redispersion in isopropanol (IPA). AgNWs
were finally dispersed in IPA in a concentration of 2.5 gL', For the
preparation of the PDMS spacer, the two components of the Sylgard
184 kit were vigorously mixed in a 10:1 proportion and placed in a
vacuum chamber for degasing. The homogenized mixture was then
poured in a square flat mold filling approximately 2 ml height. The
mold was then placed in an oven at 70°C for 2 h. Cobalt chloride
solution was prepared by adding concentrated HCl to a Co powder.
After reaction, when a blue color solution was formed, 5 ml of the
solution was filtered through a 0.22 wm pore PES filter and placed
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Fig. 8. (a) Particle size distribution and correlation function fitting (inset) as obtained by DLS. (b) TEM images showing the size and distribution of AuNPs extracted from the

device after the in-situ experiment.

in a test tube. Deionized water (MilliQ, 18.4 M2) was slowly added
until a color change was observed to form the final pink solution.
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