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Nanostructured thin metal films are exploited in a wide range of applications, spanning from electrical to
optical transducers and sensors. Inkjet printing has become a compliant technique for sustainable,
solution-processed, and cost-effective thin films fabrication. Inspired by the principles of green
chemistry, here we show two novel formulations of Au nanoparticle-based inks for manufacturing
nanostructured and conductive thin films by using inkjet printing. This approach showed the feasibility to
minimize the use of two limiting factors, namely stabilizers and sintering. The extensive morphological
and structural characterization provides pieces of evidence about how the nanotextures lead to high

R 4 15th D ber 2022 electrical and optical performances. Our conductive films (sheet resistance equal to 10.8 + 4.1 Q per
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Accepted 16th February 2023 square) are a few hundred nanometres thick and feature remarkable optical properties in terms of SERS
activity with enhancement factors as high as 10’ averaged on the mm? scale. Our proof-of-concept

DOI: 10.1039/d2na00917] succeeded in simultaneously combining electrochemistry and SERS by means of real-time tracking of
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Introduction

Nowadays, smart surfaces based on innovative thin films are
ubiquitous, spanning from standard electronic devices to the
most ground-breaking developments on transistors,"* energy
harvesting,>* sensors,” and catalysts.*® Nonetheless, the
majority of promising lab-scaled technologies have often
encountered difficulties in attracting industrial investments,
due to their poor compliance with a high throughput. For
instance, lithography 1is a benchmark in terms of
manufacturing processing, but it relies on the use of hazardous
and/or expensive materials, such as photoresists, which cannot
be defined as environment friendly. Furthermore, lithography
requires intrinsically relevant expenses due to the extensive use
of the clean room's facilities and highly specialized personnel.
Another manufacturing benchmark consists of the spin-coating
technique, which is in contrast characterized by high material
losses. Other techniques such as deep-coating or screen-
printing are more efficient than spin-coating, as far as the
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the specific signal of mercaptobenzoic acid cast on our nanostructured electrode.

liquid ink may be recycled and reused to a certain extent.’
Within this context, inkjet printing is certainly one of the most
promising techniques, due to its easy scalability, cost-
effectiveness, user-friendliness, reduced material waste,
sustainability, and high versatility towards substrates (viz. from
silicon to plastics and paper).'® This technique is rather versa-
tile, and hence, a droplet can be cast by continuous jetting (CIJ)
or by the drop-on-demand (DOD) strategy onto any type of
substrate."> As a result, it is exploited for the preparation of
devices spanning from organic thin-film transistors
(OTFTs)>**** and organic light-emitting diodes (OLEDs)'*'® to
solar cells."”*® Noteworthy, the spreading of metal nanoparticle-
based inks has boosted the preparation of all-inkjet printed
devices, allowing a significant cost reduction and an improve-
ment in the sustainability of the overall process. To the best of
our knowledge, the majority of the publications rely on
commercial gold and silver inks containing extra additives,
such as silicone and glycerol, which are essential for improving
colloidal stability.***** Concerning thin-film electrodes,
thermal post-treatment is usually mandatory to enable and/or
enhance electrical conductivity because it induces additive
degradation and nanoparticle fusion. Although these beneficial
effects are fundamental for achieving high-performance elec-
trodes, it is a clear advantage to avoid this further step enabling
a more straightforward and cost-effective procedure in terms of
power consumption, thus complying with the so-called additive
manufacturing. Furthermore, high temperatures can severely
damage some technologically relevant components such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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organic semiconductors and/or dielectric materials, hence
limiting severely the portfolio of materials compliant with ink-
jet printing. As a consequence, the achievement of the entire
manufacturing based on inkjet printing will be an added value
for the corresponding nanoparticle technology. In this regard,
Minari et al. developed a strategy to achieve gold conductivity at
room temperature, by adding aromatic molecules as stabilizers
of the gold nanoparticles.** It represents an excellent example of
environment-friendly manufacturing, but it cannot be applied,
for instance, in sensing applications, as the gold surface is
passivated. Among the inkjet-printed thin films for optical
purposes, the ones used for surface enhanced Raman scattering
(SERS) deserve particular attention. For instance, active Raman
molecules can be easily detected once adsorbed onto nano-
structured metal surfaces due to the intrinsic SERS amplifica-
tion. This stems from the combination of an electromagnetic
enhancement due to the excitation of the surface plasmons
promoted by the substrate, and a chemical enhancement
mainly due to charge transfers between the molecules and the
substrate.”” Apart from the surface nanostructuration, the
absence of impurities is, therefore, a fundamental property of
this technique, as far as the SERS effect vanishes just a few
nanometres away from the metal surface. SERS is becoming
a renowned technique in sensing applications, thereby
providing a vibrational spectrum featuring relevant chemical
information,* bright as fluorescence, compatible with water-
soluble samples and suitable for quantitative estimations.****
Notwithstanding this, the preparation of SERS-active substrates
with high reproducibility and uniformity is still an open chal-
lenge, especially when solution-processed technologies are
employed.> Moreover, the highest enhancement factors (EF)
achieved by SERS substrates printed on paper or glass, when
reported, are in the order of 10*-10%2-* To the best of our
knowledge, no inkjet-printed substrates have been reported to
comply with both optical and electrical applications yet.
Herein, we demonstrate how the inkjet printing technique
can be optimized to obtain gold nanostructured electrodes. In
particular, we conceived two novel and sustainable inks. Our
smart substrates showed promising features; in fact, SERS and
electrical read-outs have been successfully demonstrated.
Advanced morphological and structural characterization
studies validated the unprecedented properties of these nano-
textured surfaces, namely as high-performance, multi-purpose,
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environment-friendly and sustainable substrates. These thin
films were finally used for electrochemical-SERS experiments on
mercaptobenzoic acid (MBA) for proving the practical applica-
bility of our multifunctional SERS-active microelectrodes,
thereby revealing clear information associated with the surface
chemistry of MBA.

Results and discussion
Design and manufacturing of the printed thin films

The nanostructured SERS active electrodes were designed
according to the green chemistry principles, namely involving
water-based formulations, high atom-economic processes, and
no usage of hazardous materials. The overall workflow is
schematized in Fig. 1: (i) gold nanoparticle (AuNP) synthesis by
laser ablation and ink formulation, (ii) inkjet printing optimi-
zation, and (iii) optional thermal sintering. Laser ablation is
a top-down technique to produce nanoparticles either in
aqueous or organic solutions without any capping agents or
stabilizers.*** Although these are excellent features, the use of
additives is still necessary to enhance the colloidal stability
along the inkjet printing process. Specifically, L-cysteine and
polyvinyl alcohol (PVA) are both sustainable, non-toxic, water-
soluble and already used as colloidal stabilizers.**** 1-Cysteine
is an amino acid bearing a thiol moiety, which is widely known
to form strong covalent bonds with Au surfaces. Its charge can
be easily tuned to achieve a sufficient number of negative
charges to preserve colloidal suspension from aggregation,
especially when it undergoes relevant pressure changes into the
cartridge. PVA is a biodegradable and biocompatible polymer,
which is also needed to increase ink viscosity. According to the
chemical features of these two stabilizers, two formulations
have been conceived and explored. On one hand, the laser-
ablated AuNPs were capped with a sub-monolayer amount of
cysteine (see the ESIt for more details) and, on the other hand,
1 gL of PVA was added to the laser-ablated AuNPs. Hereafter,
they are denoted as AuNP_Cys and AuNP_PVA, respectively (see
the ESIf for more details). UV spectroscopy and TEM imaging
allowed the appreciation of AuNP_Cys and AuNP_PVA with
respect to the pristine Au NPs (Fig. S1t), both characterized by
a plasmon peak at 522 nm and a size distribution centred at
16 nm.

‘ High Atom Economy , Scalable and versatile ‘ Minimal post-processing (if any)
Aqueous solvent 0% wasted ink High resolution

, Biocompatible additives Minimal substrate treatment Biocompatible surface
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Inks produced by Laser Ablation

Ink-jet printing on clean glass

Optional thermal curing

Fig. 1 A schematic sketch of the stepwise processing of AUNPs. Every step shows its green chemistry principles.
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A rectangular layout (i.e. nominal area equal to 2 x 10 mm?)
was selected as the pattern to be inkjet-printed. Therefore, 12
identical inkjet-printed thin films have been printed on glass
substrates, 6 for each type of ink formulation. As already
mentioned, thermal sintering is a general fundamental
approach for printed nanostructured electrodes to increase
their electrical conductivity due to NP fusion.**** However, high
sintering temperatures can narrow down the portfolio of
materials to be used as substrates, especially flexible ones.** To
gain insights into the effect of sintering on our films, their
electrical optical properties were investigated with and without
the thermal treatment. In particular, our systematic investiga-
tion relies on the comparison of the three sintered samples
(Tsintering = 500 °C for 3 hours under an air atmosphere) with
respect to the other three pristine samples. The sintering
conditions were defined to allow the complete degradation of
both PVA** and r-cysteine.****

Morphological characterization of the printed thin films

The morphology is one of the most important figures of merits
related to an optoelectronic thin film. For sake of clarity,
PAUNP_Cys; 1, pAUNP_Cysyt, pPAUNP_PVA,  and pAuNP_PVAyr
stand for the printed nanostructured thin film based on AuNPs
either at low temperature (LT), ie. no sintering, or high
temperature (HT), i.e. Tsintering = 500 °C, having cysteine and
polyvinyl alcohol, respectively. Fig. 2a shows that pAuNP_PVA
samples have more defined edges than pAuNP_Cys. The
combination of optical microscopy, scanning electron micros-
copy (SEM) and atomic force microscopy (AFM) highlights that
PAuUNP_PVA features a higher degree of homogeneity than
PAUNP_Cys from the very first printed layer (Fig. S2-S77). This
higher degree of homogeneity can be justified considering the
blending effect of the PVA polymer, which improves the print-
ability of our water-based ink.**** In contrast, L-cysteine solu-
tion is not reported to influence the solvent viscosity or other

pAuUNP_Cys ¢ pAuUNP_Cysy

Fig. 2
applies to all images and refers to the elevation in nanometers.
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rheological properties. Dark-field and SEM images also show
more compact layers for the pAuNP_PVA samples at higher
magnification (Fig. S4 and S61), highlighting the significant role
of PVA in the final manufactured electrode. SEM analysis allows
a deeper examination of the nanostructuration to be achieved
(Fig. 2b and S2-S4t), which confirms a more homogenous
deposition for the pAuNP_PVA samples. Furthermore, it was
possible to evaluate the impact of sintering related to the
differences between the colloidal stabilizers. Both pAuNP_Cysyr
and pAuNP_PVA; present a nanostructured surface, in which
the AuNPs are perceivable. However, as a result of the sintering
step, pAUNP_Cysyr clearly shows extensive AuNP aggregates,
whereas pAuNP_PVAyr shows a homogenous nanostructured
morphology. Both outcomes are likely due to AuNP melting.

AFM imaging enables a detailed evaluation of surface
roughness. In fact, pAuNP_Cys; 1 substrates exhibit a roughness
of 0.136(+0.017) um, which slightly decreases after the sintering
process to 0.130(+0.06) um (Fig. 2c and S2, S3, S7 and S87),
whereas pAuNP_PVA;r ones show two different regions char-
acterized by different roughness values, namely 0.047(+0.012)
pm and 0.103(£0.047) pm, respectively. These areas can be
associated with the brighter and darker ones observed by
optical microscopy operated in dark-field mode. In other terms,
the darker areas correspond to the rougher surfaces, while the
brighter areas are the smoother surfaces (Fig. S7t). The
arrangement of these two areas can be ascribed to the
confinement of a larger quantity of PVA into the smoother (viz.
brighter areas) areas, which appear less resolved by AFM. This
interpretation is also corroborated by p-Raman spectroscopy
(Fig. S9t1), revealing PVA characteristic bands in these regions.
Lastly, their thicknesses were found to be about 300 nm for the
PAuNP_Cys samples and 250 nm for the pAuNP_PVA ones
(Fig. S8%).

As previously mentioned, the sintering of cast AuNPs is
a standard procedure to make the thin films more efficiently

pAuNP_PVA,; pAUNP_PVA,

500um

500um

1000

800

600

400

(a) Dark-field optical microscopy images with a 5x objective, (b) SEM images, and (c) AFM topography images. The colorbar at the right
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(a) u-Raman maps (633 nm excitation and 50x objective). (b) The EF was calculated for all replicates and averaged, at 633 nm excitation

(red symbol) and 785 nm excitation (black symbols); the error bars represent the standard errors. (c) Padova University logo printed with the
AUNP_PVA ink formulation with only one layer and any thermal curing. The colourmap represents Pearson's correlation coefficient with the PVA

spectrum.

conductive. Aiming at deeply investigating the partial presence
of the colloidal stabilizers in the sintered thin film, Raman
spectroscopy (Fig. 3a) and energy dispersive X-ray (EDX) anal-
ysis (Fig. S101) were carried out. Extensive statistical analysis
(6400 spectra) was carried out in an area equal to 0.4 x 0.4 mm?,
at a resolution of 5 um. These spectra were compared with the
Raman spectra of pristine AuNP_Cys and AuNP_PVA inks
(Fig. S117). The most characteristic signals of the two additives
are recognized as the peak at 1580 cm ', assigned to the amine
bending for r-cysteine,*® and the peak centred at 2915 cm™ ',
corresponding to the CH stretching for PVA.*® Pearson's corre-
lation coefficients were calculated to account for the corre-
spondence between the spectra from the p-Raman maps and
the relative pristine inks. A value higher than 0.6 is considered
a clear indication of a satisfying positive comparison with ref. 24
The p-Raman maps confirmed the complete degradation of
both colloidal stabilizers. These data are coherent with the
proof collected by EDX analysis (Fig. S107).

SERS characterization

Surface homogeneity and nanostructuration are considered
demanding challenges for the production of SERS substrates by
solution-processing methods.*® SERS active substrates rely on
the presence of the hot-spots, which are localized regions of
intense local field enhancement which play a key role in
yielding the output signals.®* As a result, it is not trivial to
achieve a satisfactory amount of bright hot-spots on large-area
SERS substrates. Herein, the SERS efficiencies of our printed

© 2023 The Author(s). Published by the Royal Society of Chemistry

thin films were evaluated by means of their enhancement
factors (EFs) mediated on a macro area, namely on the scale of
mm?. Specifically, more than 1500 spectra were acquired over
a surface as large as 1.5 x 0.4 mm?, at a resolution of 20 um,
thus evaluating both the uniformity of the substrates (intra-
sample over a large surface) and the reproducibility (inter-
sample through three replicates) of the results. The EF was
calculated according to the formalism of the so-called average
SERS enhancement factor,” in which the SERS signal and the
Raman signal of the same band of a molecule are weighted by
the number of molecules probed and compared (see the ESIT
for more details). The characteristic and intense peak of 4-
mercaptobenzoic acid (4-MBA), at around 1580 cm ™', corre-
sponding to the C=C symmetric stretching vibration, acted as
a SERS probe (Fig. S127).2*2%%% 4-MBA allowed an accurate
comparison between the Raman and SERS signals and there-
fore, SERS EF calculations (Fig. S13 and S147). Fig. 3b shows the
EF values for both laser lines: 633 nm (red symbols) and 785 nm
(black symbol) for the three replicates averaged. According to
the EF values related to pAuNP_Cysyr and pAuNP_Cysy, with
633 nm excitation, these values are rather close, namely
4.6(40.5) x 10° and 3.2(+0.7) x 10 respectively. A similar
behaviour is observed for pAuNP_PVALT and pAuNP_PVAHT at
the same laser line, namely 3.2(40.4) x 10° and 7.0(£1.5) x 10°.
Although there are discrepancies in the morphologies of these 4
SERS active substrates, the sintering process does not induce
a clear improvement of the SERS signal. Concerning the
measurements with the 785 nm laser line, a similar trend is

Nanoscale Adv, 2023, 5,1970-1977 | 1973
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observed, namely, the sintering step is not yielding a clear
advantage in the SERS performance. Summarising,
PAUNP_Cysyy, pAUNP_Cysyr, pPAUNP_PVA;+ and pAuNP_PVAyt
show the following EF values: 1.2(40.4) x 107, 7.8(42.0) x 10°,
2.9(£0.3) x 10° and 1.3(40.6) x 107, respectively. It highlights
how robust and efficient are these nanostructured thin films in
respect of the SERS EF, as they perform similarly like as as-
printed or after thermal sintering. If one compares
PAUNP_Cysyr and pAuNP_PVA;r, it is clear that the former
substrate has a superior performance likely ascribed to a more
efficient resonance with 785 nm excitation, as previously
documented.** Moreover, our methodology has been further
challenged to define which spatial resolution can be achieved.
For this purpose, the logo of the University of Padova has been
selected. This pattern has been manufactured on a glass
substrate with the AuNP_PVA ink (see Fig. 3c). This proof of
concept allowed us to define a spatial resolution down to the
microscale within a pattern featuring an area equal to 14 x 14
mm?®. This promising result, coupled with the limited amount
of ink necessary, will be of great interest in large-area and
environment-friendly electronics.

Electrical characterization

Since morphology and SERS features were successfully charac-
terized, we explored the possibility to use them as printed
electrodes. First, the sheet resistance was measured by using
a four-probe system, showing a remarkable value of 10.8(+4.1)
Q per square and 7.9(£8.7) Q per square for pAuNP_Cys, and
PAUNP_Cysyr, respectively. Although SEM and AFM high-
lighted differences in the morphology of these samples, their
conductivity remains unaltered within the error bars. Our
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rationale relies on the key role played by r-cysteine, which, on
one hand allows the stabilization of the ink and, on the other
hand, acts as a molecular bridge between the AuNPs, despite
the limited amount added to the ink solution. More impor-
tantly, pAuNP_Cys;r outperforms electrodes made of graphite
and carbon black with similar thicknesses (Fig. S16t).°**
Regarding pAuNP_PVA samples, two relevant differences with
respect to PpAuNP_Cys;r and pAuNP_Cysyr appear: (i)
PAUNP_PVA;; cannot be operated as an electrode (viz. mono-
tasking substrate) because of the insulating properties of PVA;
(ii) pAuNP_PVAyr shows the lowest sheet resistance (i.e.
0.23(40.06) Q per square). As mentioned, since PVA is a good
insulator, the sintering step is mandatory for this application.
On the other hand, the higher homogeneity of the sintered thin
film achieved by PVA, allowed the best performance in terms of
sheet resistance, highlighting the direct interplay between
morphology and electronic features.

Electrochemical-SERS characterization of the MBA
functionalized thin film

So far, these nanostructured electrodes have been separately
characterized by Raman spectroscopy and electrical tests (i.e. 4
probe measurement). For this reason, we decided to challenge
our electrodes by using an electrochemical setup coupled with
our SERS equipment (Fig. S17f). In partcular, the electro-
chemical desorption of MBA previously grafted onto our
microelectrode (viz. pAuNP_PVAyy) has been performed. This
proof-of-concept allows us to demonstrate the advantages of our
multi-purpose electrodes. Consecutive voltammograms have
been done in order to desorb electrochemically the MBA
assembled onto the electrode. Three reductive peaks are
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Fig. 4 Electrochemical-SERS experiments run on an MBA functionalized pAuNP_PVAt electrode. (a) 6 cyclic voltammetry cycles were run
between —0.5 and —1.2 V. (b) Raman spectra were simultaneously acquired during the voltammograms. The characteristic 1580 cm ™! band of
MBA is recorded. The potential (c) and current (d) cycles are coherently shown with respect to panel b. The dashed line highlights the reference
peak at 1580 cm ™! before electrochemical desorption as an internal benchmark.
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recorded at —0.57 V, —0.8 V and —0.98 V, ascribed to Au(111),
Au(100) and Au(110) facets, respectively (Fig. 4a).**” The
reductive desorption is quantitative for the Au(111) facet after
the first voltammogram, whereas the reductive desorption
related to both Au(100) and Au(110) facets is gradual along the
different voltammograms. This is caused by a partial MBA
desorption ascribable to the geometry of our home-made
sample holder together with any stirring of the electrolyte.
Concerning the SERS spectra, the value of the MBA peak centred
at 1580 cm ™" (Fig. 4b) has been recorded simultaneously with
the voltammograms. A clear monotonic increment of the SERS
intensity can be observed along the 6 CV cycles, with respect to
the black dashed line in Fig. 4b, representing the average SERS
intensity of the same band without any applied potential. As
already mentioned, the sample holder cannot provide any stir-
ring of the electrolyte. Counterintuitively, while the overall
current is lowering along the CVs, the SERS signal is increasing.
One should recall that far-field SERS signals are mostly ascrib-
able to the molecules lying in the so-called hot spots.>® These are
junctions in between Au nanoparticles in which local fields may
accumulate, and the molecules are less favoured to diffuse
toward the bulk solution.***° Consequently, the MBA molecules,
lying on hot-spots, may guarantee a stable SERS signal. It is also
reported that self-assembled monolayers (SAMs) of MBA on
Au(111) facets foresee a tilted MBA orientation with respect to
the Au surface.” The desorption of the majority of the MBA
molecules, as suggested by the current trend in Fig. 4d, may
have the consequence of allowing a better re-orientation of the
remaining molecules, according to the SERS surface selection
rules.® As suggested by the dipole derivative unit vector depic-
ted in Fig. S181 for the MBA band at 1580 cm ™", the orientation
of the molecules with respect to the plasmonic surface has
a strong influence on the 1580 cm™ " peak intensity. The SERS
results show, therefore, that the electrochemically driven
molecular desorption favours rearrangements of the same, in
which the molecular planes aligns gradually more vertical and
perpendicular with respect to the metal surface.

Conclusions

Two novel and inkjet printable formulations of AuNPs are pre-
sented. Both formulations meet the stringent requirements of
green chemistry, because the NP synthesis has been achieved by
laser ablation in an aqueous solution and the additives are well-
known to be environment friendly. Our thin films have been
deeply investigated in terms of morphological, optical and
electrical properties. Our approach allows the manufacturing of
large-scale nanotextured multi-purpose substrates, whose
optoelectronic features show promising performances in terms
of SERS signals and sheet resistances. Their performances are at
the state-of-the-art about electrodes and SERS substrates (see
Table S1t), but, to the best of our knowledge, no example of
multi-tasking substrates has been presented yet. For this
reason, our multitasking electrodes succeeded in supporting
the electrochemical-SERS measurement, aiming at deeper
molecular characterization studies such as the electro-
desorption of MBA molecules. In conclusion, we can safely state

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that this approach fulfils the requirements of large-area and
environment-friendly electronics, thereby paving the way
toward multi-functional and miniaturized devices.
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