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a  b  s  t  r  a  c  t

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
CoCl2/HCl/H2O 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  Co2+ 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
old nanoparticles
NIPAM

to the study  of the nucleation  and  growth  of  AuNPs  in  an organic  solution  of AuCl3 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.
. Introduction

Development of polymer-based nanocomposite materials aims
o combine in a synergistic way the properties of nanoscale addi-
ives with those of bulk polymer matrices. While additives are
ncorporated to enhance the mechanical, electrical, magnetic or
ptical properties of the composite materials, polymers play the

mportant role of providing convenient processing properties,
orrosion-protective environments for the additives and mechan-
cal flexibility of the final products. One of such examples of

anocomposites is that of polymers containing silver nanowires
AgNWs). AgNWs form percolating networks with high electrical
onductivity and low metal content [1–4] producing highly trans-

∗ Corresponding author.
E-mail addresses: edmartin@ifi.unicamp.br, edmartin@cnea.gov.ar

E.D. Martínez).

ttps://doi.org/10.1016/j.snb.2017.12.021
925-4005/© 2017 Elsevier B.V. All rights reserved.
parent electrodes in the form of thin films. In this regard, AgNWs
networks stand as the most studied candidate to replace indium tin
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 both rigid 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,

https://doi.org/10.1016/j.snb.2017.12.021
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.12.021&domain=pdf
mailto:edmartin@ifi.unicamp.br
mailto:edmartin@cnea.gov.ar
https://doi.org/10.1016/j.snb.2017.12.021
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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
76 E.D. Martínez et al. / Sensors a

or example, the localized thermochemical growth of ZnO [15].
esides their use as heater elements, AgNWs have been applied,
sing diverse processing techniques, in a plethora of technologies
ummarized in recent reviews [16–18].

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

The first case is the well-known optical absorption changes that
ake place when the equilibrium of the cobalt(II) chloride com-
lex in aqueous solution is thermally disrupted. In the second case,
e analyzed the thermoresponsive polymer pNIPAM. This mate-

ial undergoes a solubility phase transition at a critical temperature
nown as the lower critical solution temperature (LCST), close to
2 ◦C for pure aqueous solutions [19,20]. Finally, a more complex
hemical reaction was investigated using our developed device.
he synthesis of gold nanoparticles (AuNPs) can be achieved by

 plethora of methods, many of them performed at a constant tem-
erature with a rapid injection of a chemical reducer, as is the
ase of the classical Turkevich method [21], or by phase transfer
echniques, as that from Brust et al.[22]. In any of these cases, the
ucleation and growth of AuNPs is so fast that it is difficult to follow

n real time the evolution of the localized surface plasmon reso-
ance (LSPR). However, other synthesis procedures were already
eveloped where the kinetics of particle formation is slower and
an be controlled by adjusting the relevant parameters. One of these
ethods is the reduction of AuCl4

− by oleylamine (OLA) [23]. In
his reaction, OLA acts also as a stabilizing agent by forming a cap-
ing layer on the formed AuNPs. As reported by Liu et al. [24], the
uNPs-OLA synthesis can be followed by UV–vis spectrophotome-

ry provided that the necessary equipment for the thermal control
s available, which is not often the case. In this work, we modified
he mentioned synthesis procedure in order to test the applicability
f our device for the in-situ study of AuNPs growth.

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

. Experimental

.1. Synthesis of silver nanowires

The construction of the device starts with the synthesis of
gNWs by the polyol method [25]. In this procedure, AgNO3 is

he metal precursor, polyvinylpyrrolidone (PVP) is the structuring
gent which preferentially binds on the (100) faces of the nucle-
ted silver nanocrystals promoting the anisotropic growth of the
anowires in the [110] direction. Ethylenglycol (EtGOH) acts both
s the solvent and the reducer. In a batch synthesis, more than
00 mg  of AgNWs can be extracted [26]. Importantly, this proce-

ure was reported to be scalable up to one gram of AgNWs per
atch [27]. More details about the synthesis are provided in the
ethods section. The AgNWs after extraction were dispersed in

sopropanol (IPA) in a weight concentration of 2.5 g L−1. For the
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
2 min  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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Fig. 2. Characterization of AgNWs by SEM analyses. SEM images (a, c)

n a UV–vis spectrophotometer. The prepared solutions (Methods
ection) were then placed in the reservoir by using a syringe. A
C power supply was set to the appropriate output voltage and

witched ON and OFF either manually or by using a relay controlled
y an Arduino board. The acquisition was set automatically in the
pectrophotometer to register the absorption spectra at regular
ime intervals.

. Results and discussion

Silver nanowires were characterized by optical and scanning
lectron microscopy (SEM) after the synthesis as shown in Fig. 2.
lthough there is a broad dispersion in size, characteristic val-
es of (60 ± 30) �m in length and (115 ± 30) nm in diameter
ere extracted from statistical analysis of several SEM images. On

he other hand, the nanocomposite films formed by AgNWs and
MMA  after curing were characterized by SEM and atomic force
icroscopy (AFM) as shown in Fig. 3a,b. The films present a ran-

om arrangement of AgNWs with no preferential orientation. AFM
hows a rough surface with heights and valleys up to 100 nm,  as
xpected from the diameter of the nanowires. A step was  formed
y scratching the film in order to measure its thickness (Fig. 3c,d). A
hickness of (1.0 ± 0.1) �m was obtained after fitting the step height
n the line profile indicated in Fig. 3c. The nanocomposite film
isplays a sheet resistance of (2.0 ± 0.1) � sq−1 as determined by 4-
robes measurements. The calibration was performed by placing a
hermocouple in the reservoir filled with water. Different DC volt-
ges were applied while registering the current flowing through
he AgNWs-PMMA nanocomposite film and the temperature value
ndicated by the thermometer (Fig. 4a). A linear relation was  found

lthough a slight deviation was observed for power values above
.2 W.  The temperature range attainable is from room temperature
p to 70 ◦C. The optical transmittance of the film at 550 nm was
easured to be 67% (Fig. 4b).
tatistical counting analysis of nanowires length (b) and diameter (d).

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 Châtelierı́’s principle,
the equilibrium constant of the following reaction (Eq. (1)) is
temperature-dependent

[Co(H2O)6]2+ (aq., pink) + 4Cl− �→[CoCl4]2− (aq., blue) + 6H2O (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 (�) and increasing
the temperature.

A cobalt chloride aqueous solution containing HCl 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 to increase 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(H2O)6]2+ and the [CoCl4]2− 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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ig. 4. Calibration of the electrothermal device (a) and optical transmittance of the
egression calculation.

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

.2. Phase transition of pNIPAM

In another set of experiments, the AgNWs-PMMA nanocom-
osite was applied successfully as an electrothermal ink on the
xternal side walls of a test tube and cured at room temperature. A
rack of the nanocomposite ink was formed surrounding the bot-
om of the tube as indicated by the red lines in Fig. 6a and thin
opper wires were contacted on both extremes with silver paste.
 certain amount of the pNIPAM 2% wt. solution was  poured in
he tube. When the DC power was supplied, the increment in tem-
erature above the LCST triggered the transition and the solution
urned opaque. Below the LCST, the polymer is hydrophilic and
s-PMMA nanocomposite film (b). Arrows in fig. (a) mark the interval of the linear

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 5 s
while temperature was  externally controlled. The voltage was set
at 3 V but cycled by switching the power supply ON and OFF  with
a programmed relay. The cycle time was  5 min. When the state

was ON, the current measured was  (0.15 ± 0.01) A, giving a total
electrical power of (0.45 ± 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(H2O)6]2+/[CoCl4]2− aqueous solution. The evolution of the absorption spectrum from the
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old  (blue curve) to the hot (red curve) (a), the absorption maxima at 520 nm and 66
c)  and hot (d) states. (For interpretation of the references to colour in this figure le

volution of the transmittance spectra during the heating cycle is
hown in Fig. 6c. In Fig. 6d it can be seen that the electrothermal
ontrol provided by the AgNWs network is effective in cycling the
emperature and triggering the solubility phase transition of pNI-
AM. It is interesting noticing that the low and high transparency
witches require low electrical power input, as the LCST is around
2 ◦C. However, for the first cycle, a delay of 27 s was observed after
he power was switched ON and the transition from high to low
ransmittance begun. This should be the time required for the tem-
erature to surpass the LCST. Another delay of 117 s was observed
fter turning the power OFF (first cooling cycle) and the system
egun to return to a high transmittance value. As previously men-
ioned, the solution should reach approximately 36 ◦C during the
N state, i.e. 4 ◦C above the LCST. The required time to cool down
xplains the delay observed. In the following cycles, the time delays
re reduced to 11–12 s for the heating branch and to 106–112 s
or the cooling branch. The reversibility of the phase transition in
NIPAM was clearly observed; however, a small decay in the trans-
ittance of the cycled profile was noticed. This may  be caused by

emaining aggregates of pNIPAM due to the absence of agitation
n the reservoir, or because the final temperature during cooling

ight have not reached the starting value. This last argument also
xplains the reduction in the time-delays of the transition after the
N and OFF switching.

Further studies of the pNIPAM transition could be easily pur-

ued using the electrothermal device; for example, by adding a
o-solvent, e.g.  methanol, the LCST can be reduced [28], together
ith the thermal capacity of the liquid, therefore reducing the ther-
al  inertia of the system and producing a faster transition. Adding
 after the subtraction of the baseline (b) and optical images of the device in the cold
the reader is referred to the web version of this article.)

salts to the solution is also known to produce a reduction 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 AuCl3·3H2O 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 60 s cycle time. After the first two  minutes, the power sup-
ply, set at a constant value of 5.5 V, 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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Fig. 6. In-situ characterization of the LSCT of carboxylic acid terminated pNIPAM aqueous solution. (a) Pictures of the transition observed on test tubes through the elec-
trothermal control provided by AgNWs ink tracks deposited on the sides walls (marked with red lines). (b) The electrothermal device in the cold (left) and hot (right) states.
(c)  The evolution of the transmittance spectra during the transition. (d) The thermal cycling during the electrothermal switching ON-OFF using the electrothermal device.
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e)  Insights into the delay times of the transition when powering ON and OFF durin
eader  is referred to the web version of this article.)

his value of electrical power corresponds to a final temperature of
8 ◦C.

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

The extracted colloid was characterized in three different ways:
rstly, the absorption spectra was acquired and submitted to fur-

her analysis (see below); secondly, dynamical light scattering
DLS) measurements were performed in order to estimate the
ean size and size distribution of the AuNPs; finally, transmission
lectron microscopy (TEM) was performed to directly observe the
uNPs and remaining residues of the reaction. The absorption spec-
 first cycle. (For interpretation of the references to colour in this figure legend, the

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 (�),
assuming there are no plasmonic interactions between particles, is
proportional to the absorption cross section and can be expressed
as [33]

� = npCabsh

ln(10)
= NNPCabs
ln (10)

= NNPkIm [˛]
ln (10)

= 24�2NNPN3r3

ln (10)�
Im [εNP]((

Re [εNP] + 2N2
)2 + Im[εNP]2

) (2)

In this equation, np 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, NNP. The wavevector k = 2�/� is mul-
tiplied by the imaginary part of the polarizability, �, to give the
absorption cross section Cabs. 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 (εNP) 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],

εNP (ω, r) = εbulk (ω) + ωp2

ω2 + iω
0
− ωp2

ω2 + iω
(

0 + Avf /r

) (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-
culated using Mie’s theory is superimposed with the measured spectra. Fitting
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arameters were: the amplitude constant multiplying the cross section (Amp), the
anoparticle radius (r) and the refractive index (N) of the dielectric surrounding
edium.

here ω = c/�, ωp is the plasma frequency, vf is the Fermi velocity,
nd 
0 is the damping frequency. The parameter A is a value close
o unity that accounts for the interface between the nanoparticles
nd a dielectric supporting surface; in this case, for unsupported
uNPs we used A = 1 [36].

Fig. 7b shows the excellent agreement between the fitted
bsorption and the acquired spectra for the AuNPs in n-hexane.
he fitting parameters were the particle radius, r, the refractive

ndex of the dielectric medium, N, and the coefficient multiply-
ng the cross section, Abs = Np/ln(10). The calculation results in a
anoparticle radius of 8 nm (16 nm in diameter), which is in good
greement with the diameter of the AuNPs as determined by DLS
d = (18 ± 2) nm,  Fig. 8a) and TEM (Fig. 8b,c). Interestingly, a large
opulation of small size of AuNPs with mean size (2.5 ± 0.5) nm is
isualized by TEM that could not be detected by DLS nor the opti-
al fitting of the absorption spectra. Most probably the synthesis
esulted in a delayed or continuous nucleation due to the low tem-
erature employed. The temperature dependence of the nucleation
nd growth mechanism could be one of the subjects to be studied
y this method.

. Conclusions

A nanocomposite ink containing AgNWs in a PMMA  solution

as successfully applied on glass slides to produce conductive
lms, 1 �m thick, with an optical transmittance of 67% and a sheet
esistance of (2.0 ± 0.1) � sq−1. The films were used as an elec-
rothermal element in a device that could be successfully used
uators B 259 (2018) 475–483 481

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 AgCl3 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< 3 nm)  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

AgNO3 99.9999%, ethylene glycol (EtGOH) anhydrous (99.8%),
PVP 360000 mol  wt., 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 20 kV. TEM images were obtained with a
JEM 2100 equipped with a LaB6 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 h in darkness. After complete dis-
solution of both solutions they were mixed in a 200 ml round flask
and 3.25 g 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 5 h. 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 g L−1. 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 �m pore PES filter and placed
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