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This work describes physicochemical processing strategies to allow the efficient use of oligoglycine-based
coatings for corrosion protection of transparent silver nanowire (AgNW) electrodes fabricated on flexible
polyethylene terephthalate (PET) substrates. The peptide anti-corrosion coatings consist of two-dimensional
amino-terminated oligoglycine peptide assemblies, denoted as tectomers. Tectomer sheets are hydrophobic in
nature and act as moisture barrier and protective layer preventing oxidation and degradation of the nanowires
when exposed to atmospheric conditions. Moreover, tectomer coatings markedly decrease the AGNW electrode
sheet resistance (Rs) by mechanical squeezing of wire-to-wire junctions in the network. Enhanced adhesion of the
tectomer coatings to PET was achieved by a simple hydrolysis process that generates carboxyl and hydroxyl
groups on the plastic substrate, enabling a strong interaction with the amino groups on the tectomer surface. Rg
values as low as 29.3 Q/sq with 94.4 % T were achieved for tectomer-coated AgNW electrodes, which are
competitive with commercially available AQNW and ITO electrodes. Finally, peptide-coated AgNW networks on
PET substrates were efficiently patterned by a one-step laser ablation process without damaging the substrate,
offering promise for their use as components in flexible optoelectronics and touchscreen technologies.

1. Introduction inherent brittleness and limited and potentially restricted indium

availability pose serious drawbacks for its application in the current

Silver nanowires (AgNWs) have a huge potential in optoelectronics
due to their high electrical conductivity, high optical transmittance, and
flexibility [1-3]. Thus, much effort is being devoted in recent years to
exploit those structural and physical properties to develop AgNW-based
solar cells, displays, organic light emitting diodes, flexible transparent
electrodes, touch sensors, stretchable pressure sensors, and electro-
magnetic interference shielding materials, for a wide range of applica-
tions in diverse areas including wearable electronics, energy storage and
harvesting, touchscreen technologies, electronic skins, and in biomedi-
cine [3-11]. The AgNW-based technology aims to complement and
eventually replace indium tin oxide (ITO), the conventional material for
the fabrication of highly transparent and conducting electrodes, as ITO
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demanding field of flexible electronics.

Implementing AgNW-based technologies requires the development
of coatings for AGNW corrosion protection: AGNWs readily corrode in air
atmosphere mainly due to the presence of trace amounts of hydrogen
sulfide and carbonyl sulfide, that lead to silver sulfide formation on the
AgNW surface and nanowire shortening and, ultimately, to electrode
failure [12]. Films of a variety of materials -including metal oxides
[13,14], polymers (such as polyvinyl alcohol (PVA), polyurethane (PU),
polymethyl methacrylate (PMMA), polyvinylidene difluoride (PVDF),
polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), to name a few) [15-19], epoxy resins [20],
sulfur-containing organic compounds [21,22], and graphene materials
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Fig. 1. (a) R, variation in AgNW/tectomer electrodes as a function of the duration of the PET hydrolysis treatments. The addition of tectomer on AgNW electrodes
deposited on pristine, non-functionalized PET substrates did not lead to decreased R values but, instead, to increased Ry (data at t = 0). (b) Contact angle mea-
surements on PET as a function of the duration of the PET hydrolysis treatments. (c) UV-vis spectra showing the effect on T of the duration of PET hydrolysis
treatments. (d) and (e) show pictures of PET after 4.5 and 5 min of treatment, respectively. Note the opacity in (e).
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Fig. 2. Transmittance T (%) plotted versus R for pristine AgNW electrodes
(blue line) and AgNW/tectomer hybrids (red dots). Inset: picture of a AgNW/
tectomer electrode with Rg and T values of 22.4 Q and 88.4 %, respectively. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

[23]- have been reported to efficiently act as passivation layers to shield
against AGNW corrosion. On the other hand, the application of AGNW
electrodes in functional devices require of the use of patterning strate-
gies that enable the fabrication of circuits and interconnects of any
desired shape [6,11,24-28].

Amino-terminated oligoglycines consist of short polyglycine chains
connected with alkyl linkers. These oligoglycines self-assemble forming
two-dimensional structures, typically micrometer sized and 5-6 nm
thick, denoted as tectomers, through cooperative hydrogen bonding
formation between neighboring polyglycine antennae [29-31]. The
remarkable and unique structural and physicochemical features of tec-
tomers combined with their versatile surface chemistry, adhesive
properties, and biocompatibility result in remarkable coating capabil-
ities that have been successfully used for the production of novel
nanocomposite materials [32], the functionalization of fiber materials
and textiles [33], and the development of sensors [34,35]. As an
example of the vast potential of these peptide assemblies for the fabri-
cation of functional coatings, in a previous work we reported on the
AgNW corrosion protection capabilities of oligoglycine tectomer films:
AgNW electrodes deposited on glass substrates were coated with

tectomer thin films, so the resulting tectomer coatings not only reduce
the AgNW electrode sheet resistance (Rs) by mechanically pushing
loosely connected AgNWs, leading to an increased number of inter-wire
contacts while keeping the high electrode transparency (transmittance
(T) values above 90 %), but also impart increased device hydrophobicity
(therefore acting as moisture barriers) and AgNW anti-corrosion func-
tions even under harsh atmospheric conditions (85 °C, 85 % relative
humidity) [36], where AgNW corrosion increases considerably
[12,20,37-39].

The aim of this work is to further extend this research to the fabri-
cation of flexible, tectomer-coated highly transparent AgNW electrodes
that can compete in the marketplace in terms of Ry and T with high
performance, commercial AgNW and ITO electrodes. A hydrolysis pro-
cedure was applied to flexible polyethylene terephthalate (PET) sub-
strates (a plastic substrate commonly used in bendable optoelectronics)
to improve the adhesion of the tectomer anti-corrosion coating. We have
also implemented a simple, one-step laser patterning route for the
fabrication of interdigitated tectomer-coated AgNW electrodes for their
potential integration as components in a variety of optoelectronic de-
vices and wearables, a key issue in electrode prototyping toward device
commercialization.

2. Materials and methods
2.1. Materials

Amino-terminated biantennary oligoglycine CgH;e(—CHz—NH—
Gly4)2-2HCI, purity >95 %, was purchased from PlasmaChem GmbH
and used as received. AgNWs, 22.1 nm mean diameter and 21.3 pm on
average length (Fig. A.1), 1 wt% in IPA, were supplied by Zhejiang
Kechuang Advanced Materials Technology Co., Ltd. (ref. Ink AW020).
PET film, 175 pm thick and intrinsic transmittance 87.5 %, was pur-
chased from Goodfellow Cambridge Limited (ref. ES30-FM-000140).
Additional experiments were performed using glass microscope slides
(Ghaasel). NaOH pellets, purity >98 % and HCI (37 % in water) were
supplied by Sigma-Aldrich.

2.2. Preparation of tectomer aqueous solutions

1 mg-mL~! oligoglycine solutions in ultrapure water (Siemens Lab-
oStar DI/UV 2 system, resistivity: 18.2 MQ cm at 25 °C) were prepared
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Fig. 3. SEM images of Ryy ~100 Q/sq AgNW networks on PET (a) and after de addition and drying of 50 pL of (b) 0.3 mg-mL~}, (c) 0.5 mg-mL ! and (d) 0.8 mg-mL ™!
oligoglycine solutions. Scale bar: 3 pm. AR, values after tectomer coating using oligoglycine solutions of the indicated concentrations for electrodes with (e) Rsg ~1
kQ/sq and (f) Ryo ~100 Q/sq. The corresponding ARy/AT values for electrodes with (g) Ryo ~1 kQ/sq and (h) Ry ~100 Q/sq.

by bath sonication (100 W Branson 2510 bath sonicator) for 10 min. The

Table 1 solutions were prepared and kept at room temperature 40 min before
Comparison of the features of tectomer-coated AgNW electrodes fabricated here, .
being drop-cast on AgNW electrodes.

and those of some commercially AGNW and ITO electrodes.

Rs (Q/sq) T (%)
Tectomer-coated AgNW electrodes (this work) 29 94 2.3. PET hydrolysis
Toray Ag nano-wire film 50-250 90
C3 Nano Activegrid™ film 50 92 Chemical surface modification of PET was performed to yield car-
ITO (Merck) 30-60 84 boxylic and hydroxyl groups on the surface [40-42] in order to enhance
tectomer adhesion to PET substrates. 72 x 80 mm PET sheets were
placed floating on 4 M NaOH solutions at 330 K and, consequently, only
Table 2 one side of the PET substrates was functionalized. The sheets were
Optimal laser patterning conditions for AGNW/tectomer electrodes on glass and removed after 270 s, then immersed in 0.5 M HCI solutions for 3 s to
PET substrates. rinse off NaOH, and finally washed with ultrapure water for 10 s and
Substrate Intensity (A) Pulse frequency (kHz) Beam speed (mm-s 1) dried to yield hydrolyzed PET films.
Glass 6 150 150
PET 4 60 150 2.4. AgNW electrode preparation

The hydrolyzed PET films were cut into 18 x 20 mm pieces. 1 mm
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Fig. 4. SEM images of laser ablated AgNW electrodes on (a) glass and (b) PET supports. SEM micrographs of laser ablated AgNW/tectomer electrodes on (c) glass
(top-view) and (d) PET (tilted-view). 3D AFM topography (e) and height profile (g) of a laser patterned line of a AgNW/tectomer electrode on glass. Confocal
microscopy image of the topography of a laser patterned line on a AGQNW/tectomer electrode on PET (f) and height profile (h). SEM image of a patterned AgNW/
tectomer electrode on PET, mimicking commercial interdigitated electrodes (i). Conductive AFM image showing the electrically insulating characteristics of the paths

fabricated by laser patterning (j).
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Fig. 5. Corrosion study of highly transparent (94 % T) tectomer-coated AGNW
electrodes on PET supports, treated in a built-in-house controlled humidity
chamber (40 % RH) at 60 °C in the dark for 2 weeks, compared to uncoated
AgNW electrodes.

wide electrical contacts were painted on opposite sides of the tested
electrodes using Ag paint, so the final electrodes, without considering
the Ag paint, consisted of 18 x 18 mm squares. Then, 0.05 mg-mL~!
AgNW dispersions in IPA were sprayed on the substrate with an airbrush
operated at 6 bar until the set Rs value was measured.

2.5. Tectomer deposition on AGNW electrodes

50 pL of 0.3, 0.5 and 0.8 mg-mL ! oligoglycine solutions were drop-
cast on the AgNW electrodes and then evenly spread over the electrode
surface and allowed to dry under ambient conditions.

2.6. Electrode characterization studies

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) characterization studies were performed with an
Inspect F50 field emission SEM microscope (FEI). Samples were coated
with a 14 nm thick Pd layer by sputtering for SEM characterization.
Transmission electron microscopy (TEM) micrographs were collected
with a FEI Tecnai T20 microscope equipped with a LaBg electron gun
and operating at 200 KV. Contact angle measurements were performed
using a KRUSS Drop Shape Analyzer DSA 100 system. R values were
calculated from two-probe electrical resistance measurements per-
formed using a Keithley 2000 multimeter. T values were measured from
spectra collected using a Shimadzu 2501PC UV-vis spectrophotometer.
R and T values shown here correspond to the mean average calculated
from 8 independent experiments.

2.7. Laser patterning

Laser patterning experiments were performed using a commercial 2
W Q-switched Yb:YAG diode-pumped pulsed fiber laser (Rofin Power-
Line S3 SHG, Germany), operating at 532 nm. The used laser pulse
frequency ranged from 20 to 100 kHz while the pulse duration varied
from 4 to 100 ns. A CAD software-controlled galvanometric beam
steering system enabled precise and repeatable patterns of the desired
shape and size.

The patterned electrodes were characterized by SEM, optical

confocal microscopy (Sensofar, PLp2300 model), and conductive atomic
force microscopy (AFM, Bruker ScanAsyst microscope, using Pt/Ir-
coated Bruker PFTUNA conductive probes).

2.8. Corrosion tests

AgNW electrodes with and without tectomer coating were exposed to
harsh atmospheric conditions (60 °C and 40 % relative humidity, RH) by
placing them in a custom-made humidity chamber, and their R values
were measured every 2 days for 2 weeks.

3. Results and discussion
3.1. Chemical surface modification of PET

Peptide/surface interactions are in general very specific and
substrate-dependent [43,44]. The surface amino groups of tectomers
strongly interact with hydrophilic mica and glass surfaces [29-31], as
well as with nanomaterials and surfaces functionalized with carboxylic
acid, hydroxy or epoxy groups through hydrogen bonding formation
[32,33]. Initial studies on the fabrication of AgNW electrodes on pris-
tine, non-functionalized PET substrates indicated no improvement in the
measured Rg values upon addition of tectomer coatings (actually,
increased Rs values were measured, see Fig. 1a results at t = 0), indi-
cating low tectomer affinity to pristine PET. In order to enhance the
adhesion of tectomers to PET substrates and, therefore, to increase the
number of wire-to-wire contacts and reduce Rg values, a chemical
functionalization procedure was conducted which resulted in carboxylic
and hydroxyl groups on the PET surface (Section 2.3). Fig. 1a shows the
improvement of the electrical conductivity (as resistivity variation, AR
%) as a function of the duration of PET treatment. For samples treated up
to 5 min there is a sharp, time-dependent R decrease, until a AR plateau
is reached for longer PET hydrolysis treatments.

Contact angle measurements confirmed PET surface functionaliza-
tion by a sharp increase in PET hydrophilicity during the first minutes of
treatment. Thus, Fig. 1b shows that contact angle values of ultrapure
water droplets on functionalized PET decrease as a function of hydro-
lysis treatment duration, reaching a minimum value in samples treated
for 20 min, and then do not change for a longer treatment duration up to
1h.

With the aim of fabricating highly transparent electrodes, it is
required that the hydrolysis treatment does not alter PET optical prop-
erties. AFM characterization studies reveal that roughness increases as a
function of PET chemical treatment duration (Fig. A.2). Prolonged hy-
drolysis treatments eventually cause the detachment of small fragments
of the polymer, thus turning the smooth, transparent PET surface into a
rougher, partially opaque surface, as previously described by Liu et al.
[40]. T measurements and optical pictures of hydrolyzed PET sheets
show that significant haze and surface damage begins after being treated
for 5 min (Fig. 1c-e). Thus, while no significant change in T (only 0.2 %
at A = 550 nm) occurs for PET substrates treated for up to 4.5 min, T
values decrease 1.6 % at A = 550 nm after 5 min treatment (Fig. 1c).
Therefore, 4.5 min was set as the optimum treatment time to maximize
the PET/tectomer interaction.

3.2. Tectomer coating optimization

Fig. 2 shows T as a function of Ry for pristine AgNW electrodes and
tectomer-coated AgNW electrodes fabricated, as described in Sections
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2.4 and 2.5, respectively.

While the addition of tectomer coatings reduces the Rg of AgNW
electrodes, an excess of tectomer thickness would be detrimental for the
electrodes’ optical properties. Thus, the parameter ARs/AT, defined as
the decrease of Rg per unit of decrease in T, is useful for setting the
optimum tectomer coating amount in order to decrease Rg while
retaining the electrodes’ high transparency.

Fig. 3a-d show SEM characterization of pristine AgNW and AgNW/
tectomer electrodes fabricated by drop-casting 50 pL of 0.3, 0.5 and 0.8
mg-mL " oligoglycine solutions. Fig. 3e-h show AR, and ARy/AT values
of the electrodes as a function of the amount of deposited tectomer,
whose AgNW densities provided initial resistivity (Rso) values of ~1 kQ/
sq and ~100 ©/sq. According to these results, 0.5 mg-mL~" solutions
provided the optimal ARs/AT values (note that, although the Ry
improvement achieved is similar to that for 0.8 mg-mL~?, 0.5 mg-mL !
oligoglycine solutions provided higher transparency, resulting in higher
AR/AT values).

For comparison purposes, AgNWs were further sprayed to provide Rg
values similar to those achieved by the addition of 0.5 mg-mL™" of oli-
goglycine solution. For Rsyp ~1 kQ/sq, the obtained ARy/AT value for
this AgNW electrode was higher (ARy/AT = 972 Q) than for the AgNW/
tectomer electrode (ARg/AT = 650 Q, Fig. 3g), meaning that this further
addition of AgNWs rapidly increases the electrodes’ conductivity (R
varied from 1124 to 210 Q/sq) with little change in T. However, this
result is not relevant, as Rg values ~210 Q/sq are too large for high-tech
optoelectronics. However, for Rsp ~100 ©/sq, the addition of AGNW
resulted in ARy/AT = 22 Q, which is lower than that of AgNW/tectomer
(ARy/AT = 63 Q, Fig. 3h), meaning that tectomer coatings provide
improved performance in this range of R,. It must be highlighted here
that Rg values as low as 29.3 Q/sq with 94.4 % T were achieved for
tectomer-coated AgNW electrodes (in contrast to 91.1%T for electrodes
with the same R; fabricated from AgNWs only), being tectomer-coated
AgNW electrodes competitive with commercially available AGNW and
ITO electrodes (Table 1).

3.3. Laser patterning of AgNW/tectomer electrodes

Laser processing technology is a convenient tool for patterning metal
nanowire electrodes [25,28,45]. In this work, the AgNW/tectomer
electrodes both on glass and PET supports were processed with a Q-
switched Yb:YAG laser (A = 532 nm), to produce electrically insulating
scribes necessary for electrode fabrication in touchscreen sensor devices.

Laser patterning parameters (intensity, beam speed, pulse frequency
and width, and number of passes) were firstly optimized (Table 2) to
create non-conductive paths in the AgNWs electrodes on both glass
(Fig. 4a) and PET (Fig. 4b), so AgNWs were removed without damaging
the substrates, that could be detrimental to the transparency of the
electrode. Then, laser parameters were tuned (Table 2) to create paths in
tectomer-coated AgNW electrodes (Fig. 4c, d). Interestingly, AgNWs
were observed to present a much lower laser ablation threshold than the
tectomer coatings and the substrates. Therefore, it is possible to selec-
tively remove the AgNWs leaving the tectomer coating unaffected, when
conveniently tuning the laser parameters, as shown in Fig. A.3. How-
ever, the complete removal of AgNWs and tectomer was preferred in
order to achieve optimal T values for the electrodes.

AFM and confocal microscopy studies showed that the width of the
lines ranged from 15 to 50 nm (Fig. 4e-h). Tectomer-coated AgNW
electrodes were patterned mimicking commercial interdigitated elec-
trodes (Fig. 4i). Moreover, conducting AFM characterization confirmed
the insulating nature of the laser-ablated paths and, therefore, the
resulting complete AGNW removal (Fig. 4j).

3.4. Moisture barrier properties of tectomer coatings for AQNW networks

The performance of AgNW transparent electrodes is closely related to
AgNW degradation. High humidity associated with high temperature

Progress in Organic Coatings 195 (2024) 108681

greatly accelerate the failure of AgNW electrodes [46]. Our previous
studies showed that tectomer coatings on AgNW electrodes on glass
supports provide outstanding temperature and moisture barrier pro-
tection under harsh conditions (85 °C, 85 % RH) [36]. Fig. 5 shows that
the R of highly transparent (94 % T) AgNW/tectomer electrodes on PET
supports, treated at 60 °C under 40 % RH for 2 weeks, only changed from
53 to 60 Q/sq (11 % increase). In contrast, Fig. 5 also reveals that un-
coated AgNW electrodes suffered massive degradation under these
conditions.

4. Conclusions

In this work, tectomer-coated transparent and flexible AgNW elec-
trodes on PET substrates have been developed. Chemical functionali-
zation of PET surface by a simple hydrolysis process enhanced tectomer
adhesion to the plastic substrate, which favors mechanical squeezing of
wire-to-wire junctions in AGNW network, enabling Ry values as low as
29.3 Q/sq with 94.4 % T, which are competitive with those of
commercially available AgNW and ITO electrodes.

Furthermore, tectomer-coated electrodes both on PET and glass
substrates have been successfully patterned using a fast, one-step laser
ablation process to produce electrically isolated scribes suitable for
touchscreen sensor applications.

Protecting AgNW electrodes from environmental factors is a key
issue to improve their durability and stability for practical applications.
Tectomer coatings efficiently impart anti-corrosion protection to AGNW
electrodes even under harsh ambient conditions. It is also known that
UV radiation shortens the lifetime and limits the performance of AgNW
electrodes [20]. The anti-UV protection properties of tectomers were
previously reported elsewhere [31], so future work will consider
exploring how tectomer coatings prevent UV-induced AgNW electrode
degradation.
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