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Nanostructure Tuning of Gold Nanoparticles Films via Click
Sintering

Massimo Urban, Giulio Rosati,* Gabriel Maroli, Flavio Della Pelle, Andrea Bonini,
Laszlo Sajti, Mariangela Fedel, and Arben Merkoçi*

Colloidal metal nanoparticles dispersions are commonly used to create
functional printed electronic devices and they typically require time-, energy-
and equipment-consuming post-treatments to improve their electrical and
mechanical properties. Traditional methods, e.g. thermal, UV/IR, and
microwave treatments, limit the substrate options and may require expensive
equipment, not available in all the laboratories. Moreover, these processes
also cause the collapse of the film (nano)pores and interstices, limiting or
impeding its nanostructuration. Finding a simple approach to obtain complex
nanostructured materials with minimal post-treatments remains a challenge.
In this study, a new sintering method for gold nanoparticle inks that called as
“click sintering” has been reported. The method uses a catalytic reaction to
enhance and tune the nanostructuration of the film while sintering the
metallic nanoparticles, without requiring any cumbersome post-treatment.
This results in a conductive and electroactive nanoporous thin film, whose
properties can be tuned by the conditions of the reaction, i.e., concentration of
the reagent and time. Therefore, this study presents a novel and innovative
one-step approach to simultaneously sinter gold nanoparticles films and
create functional nanostructures, directly and easily, introducing a new
concept of real-time treatment with possible applications in the fields of
flexible electronics, biosensing, energy, and catalysis.
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1. Introduction

Colloidal gold has been used for health
treatments and art for thousands of years.
In 1875, Michael Faraday found a way
to produce it synthetically,[1] and since
then, photonic, catalytic, and other prop-
erties of gold in its nanometric structure
have been studied and used in numerous
fields.[2–6] The versatility of this material has
been exploited creating nanofunctional sur-
faces by inkjet printing taking advantage
of the colloidal stability of gold nanoparti-
cles (AuNPs) dispersions. In the last few
years, nanostructured materials have been
commonly integrated in biomedical de-
vices, demonstrating tremendous improve-
ments in their analytical performance.[7–9]

Nanostructured electrodes have thus gar-
nered a lot of attention for their poten-
tial as effective transducing elements for
the detection of a wide range of biomark-
ers, but also for catalysis and energy stor-
age among other applications.[10–12] There
are several approaches for the electro-
chemical performance enhancement via
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Figure 1. Overview of the fabrication of the devices, from inkjet printing to click sintering. a) Scheme of generic printing and sintering protocol for
AuNPs inkjet-printed films; b) illustrative representation of the sintering mechanism involving the reaction with the sintering agent (NaBH4) and the
local nanoenviroment at the interphase.

nanostructuration, including the decoration of the electrodes’
surface with NPs, electroplating, or the fabrication of the en-
tire transducer with metal nanoparticles (MNPs).[3,6,13–15] In al-
ternative to MNPs depositions, other classical approach to create
homogeneous nanoporous gold network include, chemically or
electrochemical dealloying, template-assisted depositions, etch-
ing, and chemical depositions.[14,16,25–28,17–24]

Despite several options available, there are few methods allow-
ing the low-cost, efficient, and easy fabrication of nanostructured
metal-based conductive surfaces, and even less on flexible or de-
formable plastics and paper substrates.

In the last decade, inkjet printing using MNPs inks has be-
come a popular fabrication technique in the fields of flexible elec-
tronics and biosensing.[29–32] Compared to other printing tech-
niques, inkjet printing offers higher resolution, reduced use of
solvents, and freedom and flexibility in terms of layouts. After
deposition, the printed films typically undergo a process called
sintering. Sintering is a thermodynamically induced growth
process that increases the dimensions of MNPs, leading to a
smaller surface-to-volume ratio, less surface chemical potential,
and higher overall stability.[33] The process leads to conductive
paths in MNPs-based films and starts with the curing of the de-
posited film, starting from the removal of the solvent and reach-
ing the removal of the capping agent, which hinders the elec-
trical/electrochemical response.[34–36] Immediately after, the real
sintering process starts, forming junctions between the MNPs
creating conductive paths, and improving the film’s mechanical
strength.[37–39] Generally, this causes the collapse of the porous
structure of the nanoparticle interphase and the consequent loss
of the film nanostructure.

The selection of the appropriate sintering process for inkjet-
printed films is based on the type of ink, the printing sub-
strate, and on eventual time/scalability-related requirements.
For example, in mass fabrication lines, a photonic approach
is usually preferred, but the most typical way is via thermal
annealing.[38,40,49,41–48] Flexible electronics and biosensing appli-
cations are often based on temperature-sensitive substrates such
as plastics or paper; hence, alternative strategies to thermal treat-

ment are required. In this direction, chemical approaches have
also been explored to induce sintering of printed nanomaterials,
including gases, ionic compounds, and salts, sometimes using
cumbersome procedures with difficult (or impossible) industrial
implementation or losing the inherent nanostructure properties
of the nanoparticles.[50–55] In this context, chemically induced sin-
tering of noble MNPs inks remains an important challenge.

In this study, we propose a straightforward method called
“click” sintering for tuning the nanostructure of AuNPs conduc-
tive films, compliant with paper and polymeric substrates. The
method consists in an instantaneous reaction at the AuNPs par-
ticle interphase, of a solution of sodium borohydride (NaBH4) at
room temperature (Figure 1b). We have observed that the NaBH4
treatment of AuNPs films modulates the nanostructuration, giv-
ing improved electrochemical features and making possible the
easy fabrication of ad-hoc electrodes/surfaces for various appli-
cations, such as electrochemical biosensors, Surface Enhanced
Raman Scattering (SERS) substrates, gas sensors, flexible elec-
tronics, and wearable devices.[56] The proposed method does not
require any equipment and can be performed virtually in any lab
in just a few minutes. Furthermore, we demonstrated that the
process can be automated via integration into an inkjet printer.

2. Results and Discussion

In this work, we have shown that the concentration of NaBH4
modulates the nanostructuration of AuNPs films, improving
electrochemical properties, and giving them a peculiar optical
activity, as will be described in the next paragraphs. This click-
sintering method takes advantage of the nanochemical phenom-
ena occurring on the surface of the NPs, i.e., a catalytic exother-
mic reaction inducing the formation of a nanoporous surface of
metal NPs. NaBH4 has already proved to be effective in removing
thiols, polyvinylpyrrolidone (PVP), and other ligands from col-
loidal gold and other metal NPs,[57,58] however, to the best of our
knowledge there is no report about its use as nanostructuring
sintering agent for AuNPs-based inks in printed electronics and
nanobiosensing.
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Figure 2. Electrical characterization of the inkjet-printed gold films produced via dipping (a) and via inkjet sintering (IJS) (b). a) Sheet resistance values
for the AuNPs-ink printed squares (in red) and resistance values of the printed lines (in black), after the 10 min treatment with different concentrations
of NaBH4; the squares represent the calculated resistance using the sheet resistance and the aspect ratio of the trace. The top right insets in the two
plots show the layouts of the respective printed structures. b) Sheet resistance values for the 20 mm squares, after real-time inkjet sintering on Kapton®
at increasing numbers of layers, it is showed a threshold in the relative amount sintering solution (NaBH4 0.5 m ink). The columns represent average
values and the bars the respective standard deviations (n = 3).

Herein, AuNPs-films conductivity, nanostructure morphology,
elemental composition, and the material’s surface chemistry
were investigated after this simple click sintering treatment to
shed light on its mechanism and to define the properties ac-
quired by the film. Additionally, the film’s electrochemical fea-
tures have been studied using two different redox molecules (e.g.,
methylene blue and ferro/ferricyanide) to pave the way for po-
tential applications in flexible electronics and electrochemical
nanobiosensing.

2.1. Electrical Characteristics of the Nanostructured Films

To prove the effectiveness of the sintering process we evaluated
changes in the film sheet resistance, resistivity, and conductiv-
ity. Two-wire (2P) and four-point probe (4P) methods were used
to measure both the resistance of printed lines and the sheet
resistance of the film. Simple lines (20 mm long and 600 μm
wide) and 20 mm side squares were printed on a commercially
coated PET substrate via inkjet printing with a consumer printer.
The inkjet-printed films appeared gold-colored after printing but
resulted non-conductive, as expected in absence of a sintering
treatment. The AuNPs-films were then treated by immersion in
0.05 m NaOH solutions containing different concentrations of
NaBH4 for 10 min, ranging from 1 mm to 1 m. The films were
then rinsed with MilliQ water and dried with nitrogen.

The sheet resistances of the squares and the resistances of the
lines have been measured for each concentration of NaBH4. A
decrease in the resistance was observed with increasing concen-
trations of NaBH4 for both the tested printed layouts (Figure 2a).
The pristine untreated films did not result conductive; thus, they
do not appear in the plots. Figure 2b shows the resistivity ob-
tained for inkjet sintering (IJS), performed by placing the NaBH4
solution (0.5 M) in a dedicated cartridge of the printer, and per-
forming different passages (named layers) onto the inkjet printed
AuNPs-film on Kapton substrate (Figure S1, Supporting Infor-
mation).

In Figure 2a, a decrease of the (sheet) resistance has been ev-
idenced with concentrations lower than 0.1 m NaBH4, with an

excellent correlation between the two measurements (see SI for
the calculation). We used the average thickness of the film printed
over Mitsubishi substrate (Figure S2, Supporting Information),
combined with the measured sheet resistance, to calculate the
conductivity and resistivity. A concentration of NaBH4 1 m proved
to be the best value in terms of resulting electrical performance,
with a conductivity of 5.14*107 S m−1, equivalent to 1.25% of the
bulk conductivity of gold (4.11*107 S/m). Although the value is
not particularly high, compared with the state-of-the-art AuNPs
inks and printed films, this places our method somewhere in the
middle in term of performances, but with a clear advantage in
terms of time, temperature of the process and with the result of
an extended nanostructuration (Tables S1 and S3, Supporting In-
formation).

While performing the alternative sintering method, i.e., using
inkjet printing, the sheet resistance remains high and not repro-
ducible, indicating a heterogeneous treatment, up to two NaBH4
printed layers (Figure 2b). With three layers or more, a sharp de-
crease in resistivity has been evidenced with a higher degree of
reproducibility. Given the small volume deposited with the IJP
process, multiple layers are therefore necessary for an effective
sintering of the films. We found that three layers of sintering
agent per layer of AuNPs ink produced the best result. Notewor-
thy, the resistivity obtained with IJS turns out to be similar to the
one obtained via dipping.

Nanostructure. The colors and morphology of the printed
films after the click sintering with different NaBH4 concentra-
tions are reported in Figure 3. From a macroscopic point of view,
the treatment produced a gradual change in the color of the gold
film, from gold to deep brown, proportionally with the NaBH4
concentration (Figures 3a,e,i,m,q,u).

The SEM micrographs demonstrate that the nanostructure
significantly varies with different concentrations of the sinter-
ing agent. The untreated AuNPs film shows a uniform distri-
bution of spherical NPs on a dense underlying layer, whereas
a dense 3D-network with cavities and pores extending over
the whole nanostructure is observed with NaBH4 concentra-
tions over 0.1 m (Figure 3g–l,m–r). This effect could be linked
to the necking process that occurs during the sintering after
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Figure 3. The chemical sintering at different concentrations tunes the proprieties of the gold films from the micro to the nanometric scale. First column
reports the optical pictures of the films treated with different concentrations of NaBH4, showing the color variations from yellow to dark brown. Second,
third, and fourth columns, SEM images at increasing magnifications of the sintered AuNPs-film treated with different concentrations of NaBH4. Scale
bar dimension from left to the right 1 mm, 1 μm, and 200 and 50 nm.

the capping layer removal. This process creates junctions be-
tween NPs, making the film conductive (they “click”), and in-
creases the porosity and nanostructure of the film, resulting
in a higher surface-to-volume ratio. TEM micrographs confirm
the formation of the neck between the particles (Figure S2,
Supporting Information). This process can be described as a
catalytic-induced sintering of NPs, which occurs without the need
for external sources of energy. The intrinsic chemical energy
of the reaction is harnessed, confined to the nanodomains of
the solid-state film triggering the sintering and forming a web-
like structure. To our knowledge, this is the first report about
catalytically induced sintering as a tunable nanostructuration
mechanism.

NaBH4 is a promising reagent for hydrogen production in both
solid and liquid phases, and its dissociation in water has been
well-studied in the literature.[59–61] Alkaline pH stabilizes NaBH4,
by reversing the equilibrium of the hydrolysis in water.[62,63] No-
ble metal catalysts have been used to dissociate NaBH4 in an
exothermic reaction, which produces hydrogen gas.[60,64,65] The
proposed mechanism involves intermediate species where for-
mal hydride is bonded to the surface of the particle and then re-
acts with water in the rate-determining step.[60] When gold films
are exposed to the sintering solution, a visible color change ac-
companies the production of hydrogen gas that is especially in-
tense at higher concentrations of NaBH4 (Figure S3b and Video
S2, Supporting Infromation). SEM images reveal the presence
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Figure 4. Time-concentration SEM study of the morphological effects of the NaBH4 via dip sintering. Changes in morphology have been monitored
at different concentrations for times spanning from 1 to 60 min. As in the previous figure, 0.1 m appears as the threshold concentration NaBH4 for
triggering an extended nanostructure change. Conversely, time does not appear to have an evident effect on the morphology, as it has been observed
also during the inkjet sintering (see Figure 2), which is a real-time process. Scale bar 200 nm.

of cavities and pores in the printed structure that can only be
explained by the micro-explosions of hydrogen gas produced in
the deeper regions of the film (Figure S4, Supporting Informa-
tion). The rate of the catalytic reaction, and therefore hydrogen
production, is heavily affected by the concentration of NaBH4.
At lower concentrations, the NPs undergo competition between
hydrogen production and energy production via exothermic reac-
tions, leading to their coalescence. The sintering process occurs
rapidly, and the morphology doesn’t change significantly within
1 h (Figure 4). It is widely accepted that there is a relationship
between the activity of the catalyst and particle size, with smaller
particles being increasingly more active compared to the bigger-
sized ones.[66] We speculate that the smaller particles, which are
nested between the larger ones, are the main actors in the reac-
tion. This is suggested by the “fishing net” structure that forms
with bigger particles connected to each other and separated by
smaller NPs and narrow necks. The network-forming process

stops when thermodynamic equilibrium is reached, i.e., when
desorption/reabsorption of PVP reaches balance and all the ac-
tive crystalline planes of the smaller particles have reacted.

The coalescence modes of the AuNPs change according to the
NaBH4 concentration, with two main driving forces, i.e., i) de-
capping rate and ii) spatial confinement. We think that the most
probable way for it is that the hydrogen produced during the re-
action interacts with the PVP via destabilization and mechani-
cal removal, most probably following a similar reaction occur-
ring during the electrochemical cleaning of the gold electrodes
via oxidations and subsequent reductions.[67] With higher con-
centrations of sodium borohydride (≥0.1 m) the PVP destabiliza-
tion rate is higher, and the removal of the capping agent results
almost instantaneous, or in the range of seconds (Figure 4). The
arrangement of the AuNPs in the film is ruled by the printing, the
drying process, and the substrate surface properties, forcing the
NPs into defined positions. During the sintering the NPs start
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Figure 5. Physiochemical characterization of the printed AuNPs films at the different concentrations of the sintering agent. a) EDX maps of the pristine
and of the 1 m NaBH4 treated devices with the compositional maps showing the distribution of the main elements found (Au, O, Na, and C). The
overall nanostructure rearrangement with the increased porosity is evident in the overall structure. However, the single elements do not show relevant
alterations. b) The atomic concentrations of the elements (Au, C, O, N, Na, Cl, and Mg) evidence of an increase in the gold content and a decrease of the
carbon one with increasing NaBH4 concentrations. No contaminants were evidenced on the surface of the treated films. c) The XPS measurements of
the gold 4f5/2 and 4f7/2 peaks showed a constant separation, and d) the intensities do not appear to change proportionally with the NaBH4 concentration.
Scale bar 500 nm.

necking in all directions, toward the closest NPs, creating a 3D
porous network, with a larger degree of freedom close to the
surface. Analyzing the bottom layers of the film, a more com-
pact structure can be appreciated (Figure S5, Supporting Infor-
mation). The situation is similar in the case of inkjet sintering
(IJS) where the nanostructure changes after reaching a thresh-
old number of layers, i.e., 3 (Figure S6, Supporting Information).
For low concentrations (or jetted volumes for the IJS) of sodium
borohydride, the destabilization of the PVP capping layer results
slower, with no apparent change on the film surface, despite mak-
ing it conductive. The discrete nature of the printing process, de-
positing the sintering agent layer-by-layer, allows for selectively
tuning the structure by using an appropriate number of layers.

2.2. Composition and Chemical State

Energy-dispersive X-ray Spectroscopy (EDX) and X-ray Photo-
electron Spectroscopy (XPS) analysis allowed the identification
of the main components and chemical state of the gold film sur-
faces, their distribution, and their percentage variations in re-
sponse to the treatment with NaBH4 (Figure 5).

The different elements present after the treatment of the film
are reported on the elemental maps (Figure 5a,b) and the XPS
survey (Figure S7, Supporting Information). The distribution of
the analyzed elements in the sampled area (gold, carbon, oxy-

gen, and sodium) appears uniform and homogenous. The XPS
shows that the surface concentrations of carbon and nitrogen are
decreasing with increasing concentrations of NaBH4, as an ef-
fect of the PVP capping agent removal. It is to be noted that no
boron is present on the surface of the film, contrary to what was
expected using an excess of reagent. Metaborate products pro-
duced during the reaction are soluble in water and negatively
charged, as the NPs used in this work (𝜁 -potential −40 mV in
water see Table S5, Supporting Information). The electrostatic
repulsion explains the absence of the boron species and the ap-
pearance of Na, which is positively charged and tends to accumu-
late on the surface, increasing with the concentration of NaBH4.
The high-resolution XPS spectra of the Au 4f show the doublets
corresponding to the photoemission peaks of the 4f5/2 and 4f7/2
orbitals, at binding energies of 87.79 and 84.12 eV, respectively,
with a peak-to-peak distance of 3.67 eV. The result is coherent
with the NPs being in the metallic form with formal oxidation
state Au0 .[68] Both the distance and the position of the peaks re-
main constant with the treatment. The peak intensities change
accordingly to the extent of the removal when the concentration
of NaBH4 is increased. The absence of variation in the gold peak
suggests that no relevant interaction between the gold and the
sodium borohydride takes place, with no change in the formal
oxidative state of the gold due to the treatment. The examination
of the deconvolution of the carbon peaks provides insights into
possible reactions or interactions with the polymer. It has been
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reported that PVP has different binding modes on metal NPs,
depending on the size, length of the chain, and branching.[69,70]

Given the broad size distribution of the AuNPs used in this work
(polydispersity index>0.1) it is reasonable to expect a contribu-
tion coming from the different binding modes of the polymer.
For other metals, the interaction with the charge transfer with the
polymer translates into additional components in the XPS peak
model as formal species with charge+1, related to the chemisorp-
tion of the oxygen onto the metal surface.[71–73] However, this is
not what was observed (Figure S8, Supporting Information). The
ratio between the components related to the Au (0) and the Au
(I), does not change during the different treatments, and remains
constant even after changes in concentration of several orders of
magnitude. The carbon peaks also remained constant and did
not change significantly after the treatments at different concen-
trations, further confirming that NaBH4 interacts directly only
with the particles and with no other species (Figure S9, Support-
ing Information). A closer inspection reveals that the peak of the
amidic carbon progressively shifted toward lower binding ener-
gies at lower concentrations of NaBH4 but returned to its normal
position at higher concentrations, suggesting an increase in the
surface of the NPs where the PVP has been displaced but not
bonded. It is possible to propose different interpretations of this
phenomena: i) according to Ansar et al,[57] we found that the sub-
stitution of the PVP with hydride does not affect the gold oxida-
tion state, and no change in the electronic shell of the Au can be
detected; ii) the NaBH4 interacts directly with the NPs, producing
hydrogen and mechanically detaching the coordinated PVP, as it
has been demonstrated in the mechanism related to the electro-
chemical cleaning with sulfuric acid.[67,74] The higher concentra-
tions of the sintering agent also modulate the nanostructuration,
with distinctive electrochemical and optical proprieties, such as
the color change caused by the change in the scattering proper-
ties of the material due to the newly-formed nanostructure.[23,75]

The morphological change of the surface with the treatment
could explain the color variation of the films , [76,77] because of
its different light absorbance. These data prove that the color
changes of the films are not imputable to chemical changes of
the film but are due to changes in the nanostructure. SERS
measurements also offer a view of the effects of the nanos-
tructuration. Rhodamine was used as a probe, and the inten-
sity of its characteristic peak (1626 cm−1) was taken as a refer-
ence signal.[78,79] The intensity of the Rhodamine 6G peak (1626
cm−1) decreases linearly increasing the concentration of NaBH4
after 0.01 m (Figure S10, Supporting Information). More nanos-
tructured films showed higher porosity and irregular shapes
(Figure 3). On average the distance and gaps between the NPs
are larger, which implies fewer hot spots enhancing the Raman
scattering. Numerous factors influence the SERS phenomena,
such as the nature and the morphology of the metal on the sub-
strate; among others, particularly significant is the assembling
and the NPs shape.[79–81] In this case higher concentrations of
sintering agents create more disorganized and porous structures
with active centers distancing each other. This also opens the way
to possible strategies of tuning the optical proprieties of the film
changing the concentration, and possibly having a film that is
conductive and at the same time optically active toward the SERS
detection mechanism.

2.3. Electrochemical Properties

Cyclic voltammetry (CV) measurements in presence of
ferro/ferricyanide as redox probe, have been performed to
evaluate the electron transfer ability of the AuNPs electrodes
treated with different concentrations of NaBH4. A conductive
film with poor electroactivity has been formed with the lowest
NaBH4 concentration, but already with 0.01 m NaBH4, the
electrochemical response showed a significant improvement,
corresponding to the transition behavior between macroelec-
trode and nanostructured electrode (Figure 6).

Figure 6a clearly shows that the peak intensity increases,
and the peak-to-peak separation decreases proportionally to the
NaBH4 concentration used for the treatment (Figure 6a,b). Fur-
thermore, for all the electrodes, the peak currents varied linearly
with the square root of the scan rate and with an anodic and
cathodic peaks ratio corresponding to 1, in accordance with the
Randles-Sevcik equation, showing the characteristics of a quasi-
reversible reaction.[82] The electron transfer constant k0, a value
defining the efficiency of the redox process, increases linearly
with the concentration of NaBH4 due to the exposition of more re-
dox active centers with the treatment (Table S2, Supporting Infor-
mation). For the higher NaBH4 concentrations, the peak currents
in the CVs increase linearly with the scan rate, up to≈500 mV s−1

after which a small secondary shoulder at high potentials ( ̴ 0.45 V)
appears. This shoulder peak could be attributed as a feature of
nanoporous gold electrodes, due to the complex kinetics and dif-
fusion typical for porous systems.[83]

We then performed CVs scans in 0.1 m sulfuric acid, and cal-
culate the total electroactive surface area (ECSA) of the AuNPs,
by extracting the area corresponding to the gold oxide reduc-
tion peak (≈0.7 V), knowing the theoretical consumed charge
for polycrystalline gold (410 μC cm−2) (Figure S13, Supporting
Information).[67] This value can be normalized to the geometri-
cal area, the roughness factor (Rf), calculated as the ratio between
the effective area Aeff and the geometrical area Ageo (Figure 6d;
Table S2, Supporting Information).

The Rf tops to a remarkable value of 40, comparable or even
higher than some of the commonly used method for producing
nanoporous gold, with the advantages and unique features of
speed, temperature, and integration provided by our treatment
(Table 1). The value decreases at the threshold NaBH4 concentra-
tion of 0.1 m, where starts increasing again (Figure 6). This phe-
nomena is correlated to the transition in morphology that hap-
pens at that specific concentration and clearly visible from the
SEM analysis (Figure 3). The nanoparticles “click” together losing
their sphere-like shape due to the sintering. This causes a loss of
total surface area, because some of the crystalline planes available
for the redox process coalesce forming new entanglements. It is
also important to compare this value with the electrode transfer
constant, k0, calculated before. Even if with higher surface area,
using lower NaBH4 concentration, causes inefficient de-capping
of the polymer layer. This causes the films to be higher in total
surface area, but overall less sensitive to the redox probe (Table
S2, Supporting Information), compared with the films treated
with higher concentrations. Also, the differences in the areas cal-
culated with the Randles-Sevick equation and the integration of
the gold oxide peak in the CV in sulfuric acid, suggest us that not
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Figure 6. Electrochemical characterization of the treated electrodes. a) Cyclic voltammetry measurements performed on 4 mm square AuNPs printed
working electrodes with external Ag/AgCl reference and Pt counter electrodes in 5 mm ferro/ferricyanide in 10 mM phosphate saline buffer (PBS, pH 7.4,
23 °C). b) Anodic peak currents recorded versus the scan rate for the electrodes treated with different concentrations of NaBH4. c) Peaks separation as a
function of the scan rate for the treated electrodes. d) Roughness factor of the films at the different concentrations of chemical agent. e) SWV response
of the films treated with 1 m NaBH4 for concentrations of MB in PBS ranging from 100 nM to 1 mM. f) Calibration curve fitted with a Hill equation (inset)
for the films treated with the different concentrations of the sintering agent (n = 3). SWV parameters: 25 Hz frequency, 25 mV amplitude, potential range
from 0.1 to −0.4 V.

all the gold surface is active toward redox processes, and the click
sintering at high concentrations enhances this aspect.

Finally, to approach the use of these electrodes as a substrate
for biosensing, methylene blue (MB) was also used on the dif-
ferently treated gold surfaces (Figure 6d–f). MB was chosen as
a model probe since it is widely used as mediator and redox re-
porter in biosensing devices.[56,84] There is a clear change in the
performance of the film once the sintering agent threshold con-
centration is reached (Figure S11, Supporting Information). The
EC proprieties of the material change just slightly with a further
increase of the concentration of NaBH4 due to a more efficient de-
capping, rather than more extended nanostructural changes. The
click-sintered electrodes allows to detect MB in solution in the
low μm range using SWV, without any additional post-treatment.

2.4. Scalability, Integration, and Comparison

The method described in this work is divided in three steps: 1)
ink loading; 2) film printing; 3) click sintering and washing. After
the first step, 6 mL of the AuNP ink can be printed for the fab-
rication of up to 15–20 pages, each one containing around 130
electrochemical devices (Figure S14, Supporting Information).
The rheological parameters, have been selected and modified ac-
cording to a previously published work using commercial silver
nanoparticles (AgNPs) ink, and proven to be printable with ac-

ceptable resolution and precision over Mitsubishi substrate and
Kapton (Figure S15, Supporting Information).[85] We verified the
ink is stable inside and outside the printer up to one month, with
no sign of aggregation as shown from dynamic light scattering
and UV–vis spectroscopy (the time was selected accounting our
average usage of ink for fabricating electrodes) (Figure S15, Sup-
porting Information). The simultaneous printing of AgNP inks
for the reference electrodes and the contacts allow to perform the
complete NPs film deposition in a single print (lasting less than
5 min). The sintering step is then performed in less than 10 min
per page with the possibility to use the same solution for more
pages. The washing is performed first in deionized water and af-
terward in milliQ water for less than 2 min. The method as it is
can thus be easily scaled-up. A further improvement in this di-
rection can be performed by adding the sintering agent as an ink
in the inkjet printer and printing it on top of the gold electrodes
in a second passage. We have verified that the alignment grants a
good coverage of the electrodes and the waste of reagent is drasti-
cally reduced even if more than one passage is needed for a com-
plete sintering (as shown in Figure 2b). With this method, despite
the obvious advantages in terms of volume of sintering agent and
precision of its deposition, the stability over time of the sintering
agent in the consumer printer may be affected by eventual cross
contaminations onto the printhead by residues of the AuNP ink.
For this reason, the complete integration for further scaling-up
of the method would be better achieved with ad-hoc designed
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printers, preventing the ink mixing in the printhead cleaning
phase, or simply by using two printers, the second one being ex-
clusively dedicated to the sintering agent. In Table 1, we compare
the results of our method with the main state-of-the-art proto-
cols for the formation of nanoporous gold, and how our method
drastically simplifies the process to obtain it in an additive, sus-
tainable, easy, and rapid way at room temperature.

3. Conclusion

We introduced a novel sintering method that we call click-
sintering, which enhances and tunes the nanostructuring of
AuNPs films at room temperature. This unique and innovative
strategy utilizes the internal energy produced during a catalytic
exothermic reaction to induce the coalescence of NPs, resulting
in a web-like nanostructured conductive gold surface. We pro-
pose a possible implementation of this technique integrating it
into a consumer inkjet printer, providing an affordable strategy
for one-step printing of nanostructured conductive substrates,
without any post-treatment and opening the way to the use of
sensitive and fragile substrates since no thermal treatments are
needed after the film deposition. The potential applications for
this technology are vast, including flexible electronics, energy,
catalysis, and biosensing. We have thoroughly investigated the
modulation mechanisms of the substrate’s electrochemical prop-
erties mediated by the sintering process. Our findings show
that the modes of coalescence behind the net-like structure are
related to the de-capping mechanism of the polymer and the
rates of how this phenomenon happens is strictly correlated to
the nanochemical environment in the interphases between the
particles. This study provides new insights about the complex
sintering mechanism puzzle and opens alternative possibilities
for the direct and straightforward fabrication and modulation
of nanofunctional structures using an easy, cheap, and rapid
methodology.

4. Experimental Section
AuNPs Ink Synthesis: Ultrapure, water-based AuNPs inks were syn-

thesized via pulsed laser ablation in liquids by RHP-Technology with a
single-step method enabling the synthesis of size-controlled and highly-
stable colloids at room temperature and atmospheric pressure.[86,87] The
laser system included an InnoSLab, nanosecond pulsed laser (IS400,
Edgewave) delivering 7 ns full-half width maximum (FHWM) pulses at
1064 nm, at a repetition rate of maximum 10 kHz and pulse energy of
40 mJ. The laser beam was focused by a high-speed Galvo scanner (in-
telliSCAN III-10, Scanlab) through a telecentric 65 mm focal length F-𝜃
quartz lens (S4LFT4065/328, Sill Optics). Spherical-shaped AuNPs with
a mean diameter of 15 ± 5 nm were generated from a 99.99% pure
gold target (Agosi AG) in a closed flow chamber whereas the laser beam
was coupled horizontally into the process chamber. As liquid media, 1 L
Type I. water (>18 MΩ cm, Milli-Q, Merck-Millipore) containing 0.01 mm
polyvinylpyrrolidone (PVP10, Sigma Aldrich) was used, while a controlled
liquid flow of 500 mL min−1 was generated by a non-contact tube pump
(Heidolph, Hei-FLOW Precision 06) circulating the liquid between a liquid
reservoir and the ablation chamber. Up-concentration of the gold colloid
into a highly-stable nanoink was achieved by rotary evaporation (Hei-VAP
Precision, Heidolph) (35 °C, 35 mBar, 140 rpm) to remove the excess water
and to adjust the NP concentration. A water-based gold-ink with 26.5 wt.%
solid particle content was thus obtained, that showed excellent long-term
stability. The nanoink formulation was then adjusted to 15 wt.% AuNP

concentration including 1.6 mm PVP capping agent in a printing solution
composed of water (72%), ethylene glycol (25%), ethanol (2%), and iso-
propyl alcohol (1%).

Device Fabrication: The gold inkjet-printed lines were fabricated us-
ing an Epson XP15000 consumer printer loaded with the 15% w/v AuNP
nanoink. Six milliliters of the ink were loaded into an empty cartridge (sup-
plier) already installed on the printer printhead (cyan channel). After the
initial printhead cleaning, the observers waited one day before perform-
ing the nozzle check and starting the printing of the devices. Two different
substrates were used for printing: transparent polyethylene terephthalate
(PET) and Kapton. PET sheets in A4 dimension had a porous coating to
allow the immediate drying of the AuNPs solvent and optimal adhesion
(Mitsubishi Paper Mills NB-TP-3GU100). Both the printer and the sub-
strate were selected in previous works.[85,88] Kapton sheets (Kapton KPC)
were purchased from DuPont. The substrate was cut into A5 sheets and
treated with 4 m NaOH to increase the surface wettability. The printed
patterns were designed in Autodesk AutoCAD 2020 and were composed
of two connection pads (3 mm x 3 mm) and 2 cm long 600 μm wide lines
connecting them.

Click Sintering of AuNPs Films–Immersion Method: Sodium borohy-
dride powder (purity 98% and MW of 37.83 g mol−1) and sodium
hydroxide pellet (purity>98%, 40.05 g mol−1 MW) were purchased
from Merck, Sigma–Aldrich. Ultrapure MilliQ Millipore deionized water
(18.2 MΩ cm−1) was used for the preparation of the solutions. Sintering
solutions were prepared dissolving NaBH4 0.001, 0.01, 0.1, 0.5, and 1 m
in 0.5% sodium hydroxide to stabilize the sintering agent and slow down
the decomposition reaction.[62,63] The films were transferred to glass Petri
dishes immediately after preparation and immersed in the sintering solu-
tion for the selected time (10 min if not otherwise specified) at room tem-
perature under shaking. The films were then dipped twice in Milli-Q water
to stop the reaction and remove potential side products, dried with a towel
to remove the water excess and with nitrogen until completely dried.

Inkjet Real-Time Click Sintering: Consumer printers had multi-ink
(color) cartridges connected to a single printhead with separated nozzle
arrays. The loading of the AuNPs in a color channel (e.g., cyan) and of the
sintering agent in a second one (e.g., yellow) allows for the implementa-
tion of sintering of the printed AuNPs by printing the desired designs in
mixed colors (e.g., green). The sintering ink was prepared by dissolving
sodium borohydride in a solution containing 72% NaOH solution 0.5 m,
21% ethylene glycol, 2% Ethanol, and 1% isopropyl alcohol, to reach a fi-
nal concentration of 0.5 m. The ink was loaded in the cartridge, which was
inserted in the yellow channel housing, performing multiple prints on the
gold films, drying after each printing, and performing the washing only af-
ter the desired number of layers were deposited. This was done for two
reasons: first to increase the local concentration of the agent before, and
second to mimic the situation of real-time printing and sintering where the
sheets undergo multiple passes before being washed or used. The gold
films, for sake of simplicity, were cut and attached to a paper sheet (Figure
S3, Supporting Information) to be placed inside the printer.

Ink Properties Characterization–Rheological Properties: The viscosity of
the ink was measured using an AMETEK Brookfield Viscometer for low
torque ranges (CZ-40 spindle), performing a full scan at different shear
speeds and fitting a linear curve extracting the viscosity from the slope
of the curve. The measurements of the contact angle and the surface ten-
sion were performed by means of a Drop Shape Analyzer DSA25S (KRÜSS
GmbH, Hamburg, Germany), using the sessile drop and pendant drop
techniques, respectively. The drop shapes were analyzed in both cases with
the KRÜSS ADVANCE software. For the analysis of the contact angles,
drops of 2 μL were cast on the surfaces with an automatically software-
controlled syringe and 0.5 mm diameter steel needles. In the case of
the surface tension, the pendant drops were generated by an automatic
software-controlled dosser in the tip of a 1.8 mm diameter steel needle.

Dynamic Light Scattering (DLS): DLS and zeta potential measure-
ments were performed with Zeta Sizer Nano ZS (Malvern Instruments), in
disposable Zeta Sizer cuvettes using the automatic focus calibration and
analysis. The measurements were performed every week for 1 month dilut-
ing 1 μL of the prepared ink into 1000 μL of water or water/ethylene glycol
dispersion.
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UV–Vis: Absorbance spectra were acquired using a Plate Reader Spec-
tramax I3, scanning from 400–800 nm with a 5 nm step, using an ELISA
plate filled with 100 μL of different concentrations of gold ink diluted in
MillQ water. A blank spectra of the MilliQ water was acquired and used as
a baseline.

Surface Characterizations: Pictures of the printed lines were acquired
by an Andostar ADSM302 optical microscope and a Nikon microscope
Eclipse using the 5x lenses, keeping the same focus and brightness dur-
ing the whole study. The line width was calculated using ImageJ software,
calibrating the scale using a SEM image of a TEM grid.

The SEM analysis was performed by an XHRSEM Magellan 400L
Thermo Fisher Scientific microscope. The images were collected operating
in a high vacuum with an electron beam energy of 2 kV and secondary elec-
trons in-lens detector. The EDX mapping was performed right after taking
the pictures increasing the energy to 6 kV and looking for gold, carbon,
oxygen, nitrogen, and sodium elements.

Transmission electron microscopy (TEM) images and energy disper-
sive X-ray (EDX) spectra were acquired on an FEI Tecnai G2 F20 HRTEM
coupled to an EDAX super ultra-thin window (SUTW) X-ray detector.

The XPS analysis was performed at room temperature by a SPECS
PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin, Germany)
with a base pressure of 5 10−10 mbar using monochromatic A1 K alpha
radiation (1486.74 eV) as excitation source, with a power of 300 W. The en-
ergy resolution was 0.62 eV, as measured by the full width at half maximum
(FWHM) of the Ag 3d5/2 peak for sputtered silver foil. The spectra were
calibrated using C 1s at 284.8 eV as reference. The data analysis and fit-
ting were performed using CasaXPS software. The constructed peak model
was defined by using a Voigt function, with a Shirley background for the
Au 4f. The peak model for the carbon peak was defined using a Gaussian-
Lorentzian function, with no constraints on the peak position and keeping
constant the ratio between the peak areas of the components.

The SERS measurements were performed by using a Renishow inVia
confocal micro-Raman system, coupled with an optical Leica DLML mi-
croscope equipped with a NPLAN objective 20x with a numerical aperture
of 0.75. The laser source used was a He-Ne laser at 633 nm. The spec-
trometer consists of a single grating monochromator (1800 lines mm−1),
coupled with a CCD detector, a RenCam 578×400 pixels (22 μm x 22 μm)
cooled by a Peltier element. Spectral resolution of the spectrometer was
2.0 cm−1. On the electrode surface was drop casted a Rhodamine B (pur-
chased by Sigma Aldrich/Merck) solution 1*10−6 M in MilliQ water.

Electrical Characterizations–2-Point Probe Setup: The electrical resis-
tance of the AuNPs printed lines was measured by a Keithley DMM6500
multimeter with standard probes, simply touching the pads at the two ex-
tremes of each line.

4-Point Probe Setup: In this work, pogo pin-type equidistant probes
were used with a pressure of 120 g and a separation between them of
2.54 mm. A requirement for this technique was that the thickness of the
film was less than 0.4 times the separation of the probes, which corre-
sponds in this case to less than 1.016 mm. The probes were centered in
the area to be measured (Figure S4, Supporting Information). Since the ra-
tio between the side of the square (W) and the separation between probes
(S) was less than 40, W/S = 20/2.54 = 7.87, it was necessary to apply a
geometric correction reported in the literature (Haldor Topsøe, in Geomet-
ric Factors in Four Point Resistivity Measurement 1966). In this work, the
correction factor used (C) for a W/S = 7.5 was C = 0.8846. Under these
conditions, the sheet resistivity Rsq was given by Equation 1:

Rsq = 𝜋

ln (2)
⋅ C ⋅

(ΔV
I

)
= 4

(ΔV
I

)
(1)

where (ΔV/I) is the value reported by the multimeter.
AFM of the Thickness: AFM images were acquired using a PicoSPM II

atomic force microscope in tapping mode. Images were processed using
Gwyddion software for obtaining the profiles, exported, plotted, and pro-
cess on Origin. Values obtained for the thickness were obtained by sub-
tracting the average of the base points from the average of the top points,
for four total profiles.

Electrochemical Characterization: For all the electrochemical measure-
ments, one connection pad of the described layout (see Device fabrica-
tion) had served as contact and the other as a working electrode. A repro-
ducible working electrode area was obtained insulating the AuNPs connec-
tion line (between the two pads) with screen printing insulating paste. The
three-electrode electrochemical cell was completed with an external stan-
dard reference (Ag/AgCl 3 m KCl) and counter (platinum wire) electrodes
(CH Instruments). All the reagents for the redox probe solutions were pur-
chased from Merck (Sigma–Aldrich) and prepared as following: equimo-
lar quantities (5 mm) of potassium ferrocyanide (K4[Fe(CN)6]·3H2O) and
potassium ferricyanide (K3[Fe(CN)6]) were dissolved in an appropriate vol-
ume of PBS, pH 7.4. Methylene blue solution was prepared dissolving the
MB into PBS, obtaining the mother solution with a formal concentration
of 5 mm. The lower concentrations were obtained by serial dilution of the
mother solution.

The electrochemical characterizations were performed using a Palm-
Sens4 potentiostat and Ivium Octostat. CVs were performed in 5 mm
ferro/ferricyanide in PBS, scanning the potential from −0.35 to 0.65 V with
scan rates of 25, 49, 64, 81, 100, 144, 196, 289, 400, and 484 mV s −1. The
CVs in 0.1 M H2SO4 were performed using a scan rate of 100 mV s −1

using a scanning potential from 0 to 1.55 V.
Square wave voltammetry (SWV) was performed to obtain the methy-

lene blue (MB) curve for the treated devices. SWV parameters used: equi-
libration time 10 s at 0.1 V, frequency 25 Hz, amplitude 25 mV, potential
ranging from 0.1 to −0.5 V (vs Ag/AgCl), E step of 0.003 mV. The concen-
tration of MB ranged from 100 nm to 1 mm.
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Supporting Information is available from the Wiley Online Library or from
the author.
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