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Print-Light-Synthesis of Gold Thin Film Electrodes for

Electrochemical Sensing

Emanuela Maiorano, Stefano Gianvittorio, Massimiliano Lanzi, Domenica Tonelli,

Horst Pick, and Andreas Lesch*

The one-step fabrication of gold films by inkjet printing of a gold precursor ink
and its photochemical reduction by exposure to UV light is presented. Inkjet
printing creates on a substrate with high control micrometer-thin reaction
volumes in which upon direct high-intensity light irradiation, the gold
precursor reduces to pure and well-adhered Au particles, while all other ink
components escape in the gas phase, without the need for any further
post-treatment. The Au precursor ink does neither contain stabilizing agents,
such as polymers or surfactants, nor sacrificial compounds, such as
photoinitiators, to initiate and accelerate the reduction. This economic and
green process is known as Print-Light-Synthesis (PLS) and is herein used to
create gold patterns of thin compact Au films and separated Au nanoparticles.
Gold loadings are in the pg cm=2 range and precisely controlled, thanks to the
inkjet printing parameters. The gold films are characterized by spectroscopic
and electrochemical methods. Finally, the applicability of Au films as
electrochemical sensors is demonstrated for the detection of 1,4-butanediol in
comparison to a commercial screen-printed Au electrode. The PLS Au
electrode shows a 20 times higher sensitivity and opens new possibilities for

1. Introduction

The low-cost, large-scale fabrication of
thin films of conventional, as well as
advanced materials, is of large inter-
est in many fields of applications in-
cluding sensors, energy conversion, en-
ergy storage, and electronics.l'l Many ef-
forts have been made to develop tech-
nologies suitable for the fabrication of
thin and thick metal films, which in-
clude photolithography, screen printing,
and inkjet printing. Ink-based deposi-
tion techniques, being one form of ad-
ditive manufacturing, are of great inter-
est due to their low production and ma-
terial costs. Screen-printed sensors are
prepared in large quantities and avail-
able at reasonably low costs, which is at-
tractive for research, as well as for pro-
fessional use, such as in diagnostics. In

disposable electrode production.
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most approaches that involve inks, the

fabrication of metal films is a multi-step

process. Au nanoparticles (NPs) must
first be synthesized, which is followed by the preparation of an
ink that must fulfill the rheological requirements of the available
printer or ink deposition machine. After the printing process,
the deposited Au NP ink is first dried and thereafter exposed
to a thermal post-treatment at elevated temperatures (generally
between 300 and 500 °C for Au) in order to evaporate the ink
solvents, to degrade and evaporate ink-stabilizing agents, such
as polymers and surfactants, and to sinter the Au particles in
order to create a conductive film.l?l High-temperature processes
are energy-intensive and room-temperature methods get more
in the focus.l*) One approach is “reactive printing,” in which first
a metal salt is printed and thereafter a second ink containing
a reducing agent (e.g., NaBH, or antioxidants) that reduces
the metal cation to the metal with oxidation state zero.[*] This
requires, however, wet chemistry and washing of the printed film
after the reduction process has finished. In another approach,
metal precursor solutions are deposited and photochemically
reduced to the metal.’) This works well for elements with high
reduction potential, such as gold (E°x,34 /a0 = +1.5 V vs SHE).
However, in order to accelerate or even realize the reduction of
Au precursors on reasonable time scales, it might be necessary
to add reducing agents!*®! or to use photocatalytic supports such
as TiO,.[°l For the fabrication of gold patterns based on gold
precursor inks, a few methods have been proposed, including
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polymer-assisted photochemical deposition,!”! laser projection
printing,® digital light processing,!® direct laser writing,!”’
anion-assisted photochemical deposition,*®! and inkjet print-
ing with subsequent high-temperature thermal precursor
decomposition'!! or plasma treatment.['?! Recently, the rapid
synthesis of films and coatings containing metals, metal oxides,
and alloys based on the combination of an inkjet printer and a
high-intensity flash lamp (i.e., photonic curing or intense pulsed
light irradiation) has been introduced by Lesch as Print-Light-
Synthesis (PLS).['*] Pt nanostructures and nanoparticles were
synthesized on indium tin oxide-coated glass slides. Thereafter,
the concept has been extended to the fabrication of thin films of
Ni and NiFe nanocatalysts!** and Prussian Blue.!'”]

Many light-assisted printing processes for the production of
thin metal films, in reality, are sequential, because the irradia-
tion step cannot be performed simultaneously with the print-
ing. For instance, using photonic curing as the source of high-
intensity pulsed light cannot be integrated into the printhead of
an inkjet printer due to its bulky dimensions. Therefore, photonic
curing is carried out subsequently to printing or as an intermedi-
ate step while temporarily interrupting a longer printing process.
An alternative solution is to integrate a different light source into
the printing device. This can be a small light guide transferring,
for instance, UV irradiation from an external UV lamp into the
printer.['! In that case, the light guide, and thus the UV light,
translates together with the inkjet printhead over the substrate
enabling real simultaneous printing and photochemistry.

Au films find many applications as electrodes in disposable
electrochemical sensors.?“!7] Therefore, end users of such sen-
sors are research laboratories and clients in the sensor industry.
The research and use of electrochemical sensors rely generally on
commercially available electrodes, typically prepared by screen-
printing or photolithography, as not all laboratories are equipped
with state-of-the-art microfabrication techniques. The implemen-
tation of different materials in one type of sensor might further
require the use of different material deposition techniques, one
optimized for each material. Commercial electrodes, not limited
solely to Au, are generally used as received. Optionally, the sur-
face of the working electrode (WE) is chemically modified, for
instance with hydrogels or catalytically active nanoparticles. The
acquisition of such sensors creates costs for the laboratory, does
not offer flexibility regarding electrode materials, dimensions,
and designs, and often presents electrochemical properties in
terms of measurement stability, sensibility (affected by the mate-
rial used and cleanliness of the fabrication process), and sensor-
to-sensor reproducibility that do not always meet the expectations
of the users.

Therefore, we present a simple, rapid, and sustainable way
of fabricating on large-scale gold electrodes with controllable Au
loadings and flexible pattern designs. The microfabrication pro-
cess is based on the highly controlled deposition of a gold pre-
cursor ink with immediate exposure to UV light creating simul-
taneous printing and photodeposition of solid gold patterns. The
presented approach represents a novel economic version of the
PLS by using a low-cost light source. The requirements of the ink
and optimization of printing parameters are discussed, which is
followed by a detailed spectroscopic and electrochemical charac-
terization of the PLS Au films. The applicability of the as-obtained
gold electrodes as sensors is demonstrated by various electro-
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analytical measurements and the superior behavior of the PLS
gold electrodes versus typical commercial screen-printed Au elec-
trodes is presented.

2. Print-Light-Synthesis of Gold Films

Print-Light-Synthesis of thin gold films is the result of the con-
trolled deposition of a thin liquid layer of a gold precursor ink
containing [AuCl,]” and the photochemically-induced reduction
of [AuCl,]” to Au®. This is technically realized by using a hybrid
system composed of an inkjet printer and a UV lamp (Figure 1,
details in Section S1, Supporting Information). Apart from the
gold salt and mixture of solvents (i.e., water, isopropanol, and
1,2-propanediol) the ink does not contain any stabilizing agents
or surfactants. The volume of ink deposited is controlled by the
number of droplets per area (i.e., droplets per in. — dpi). This cre-
ates minor reaction volumes, in which the photochemical reac-
tions take place upon irradiation with intensive light of proper
wavelengths. The substrate can optionally be heated up to 60 °C
simply to facilitate the evaporation of the ink solvents while sec-
ondary products of the photochemical reduction of the gold pre-
cursor lead to the formation of gaseous or easily evaporable com-
pounds such as H,O, Cl,, HCI, ROH, and CO, (R is an organic
residue such as CH;—CH,-). Therefore, only pure Au is found on
the substrate while all other elements are removed during PLS.
The loading of the gold precursor on the substrate (i.e., the mass
of deposited Au per substrate area), controlled by the ink compo-
sition and dpi number, determines which type of gold coating is
obtained during PLS. Considering a fixed precursor concentra-
tion, high dpi numbers (i.e., high gold loading on the substrate)
result in compact gold films that are conductive even when de-
posited on insulators (Figure 1a), while low dpi numbers (i.e.,
low gold precursor loadings) result in coatings of separated gold
nanoparticles (Figure 1b).

First, the photochemically induced reduction of [AuCl,]™ is
demonstrated by irradiation of a vial filled with the inkjet ink
containing thus the gold precursor and solvent mixture. With
a standard redox potential of E°s,qu_jane = +1.0 V vs SHE,
the gold precursor can be reduced under relatively mild reduc-
ing conditions, here as a result of the absorption of UV light.
The photochemical reduction of [AuCl,]~ by using irradiation
with light of different wavelengths, irradiation times, and inten-
sities has been widely studied in the literature and the mecha-
nistic pathways under various experimental conditions are well
established.!'®] Key reactions are the UV light-induced generation
of reducing species, such as the hydrated electron ™, which can
be formed by the interaction of electromagnetic radiation of suffi-
ciently high intensity with water, as well as with chloride anions
(details in Section S2, Supporting Information).['¢>1% The hy-
drated electron is an extremely short-living species (lifetime of up
to a few hundred nanoseconds in pure water) that without stabi-
lization regenerates water, or in presence of electron donors, like
alkali metals, reduces water to hydrogen.[?’) However, it can also
be a strong reducing agent for other species in the solution. The
reduction of cationic Au species to Au® according to Equation (1)
has been reported.

[Au'CL]” + 3¢, — Au’ +4Cl° (1)
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b) Low dpi number
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Figure 1. Schematic representation of Print-Light-Synthesis for the patterning of thin Au films using a piezoelectric inkjet printer in combination with a
high-intensity UV light source. The printhead of the inkjet printer was customized to enable the integration of the high-intensity light source, generating
thus a “PLS head.” A gold precursor ink is printed as a thin liquid layer of micrometer thickness and immediately exposed to UV irradiation reducing
the Au'"! precursor to Au® while generating only evaporated and gaseous side products. When using a fixed Au precursor concentration in the ink two
situations can be achieved: a) a high number of droplets per in. (dpi) of deposited Au precursor ink results in conductive gold films. b) A low dpi number

of deposited Au precursor ink results in a film of separated Au nanoparticles.

The hydrated electron can generate also hydrogen atoms, hy-
droxyl radicals, and in particular, H,0,, which are highly re-
active reducing species, but quickly scavenged for instance by
alcohols in the reaction mixture, herein, isopropanol and 1,2-
propanediol.[2!]

Moreover, isopropanol, irradiated with UV light, and espe-
cially, when having been transformed into its radical, acts as a
strong reducing agent reducing the gold species by several cas-
cade redox reactions,'#2™] from which four most likely occuring
ones are demonstrated in Equations (2)—(5) (details in Section S2,
Supporting Information)

[au'cL,] + 2(CH3)2CHOH—hi> [Au'cl,]”

+2(CH;),C'OH + 2H* +2Cl° ()

[Au"'CL,]” + (CH;),C’OH~ [Au"CL]" + (CH;),CO + H* (3)

[Au"Cl,]*” + (CH,),CHOH- [Au'Cl,]”

+(CH,),C’OH + H* +2CI° 4)

[Au'CL]” + (CH;),C"OH~ Au’ + (CH,),CO + H* +2CI" (5)

Gold atoms in solution assemble gold clusters that can act as
seeds for gold precursor adsorption and further Au® formation
forming eventually Au nanoparticles (Section S2, Supporting In-
formation). Figure 2a shows the emission spectrum of the UV
lamp utilized in this work. The typical peaks of the various emis-
sion lines of mercury can be clearly seen, as well as continuous
emission of lower intensity between about 200 nm and 600 nm.
The outlet of the UV lamp is connected to a liquid light guide
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that transports the light and emits at its tip a focused spot of
UV light of 5 mm diameter, irradiating therefore only a part of
the vial. The behavior of this macroscopic volume of ink differs
substantially from the microvolumes created by inkjet printing
during PLS. Further, the glass of the vial will absorb part of the
UV light reducing the efficiency of the process. It can therefore
be expected that the time required for complete gold reduction
in stirred bulk solution will be longer than for thin layers of the
ink. Figure 2b shows the UV/VIS absorption spectra of the gold
inkjet ink before and after different irradiation periods, recorded
in a quartz glass cell. The gold ink shows two characteristic ab-
sorption peaks at about 220 nm and 320 nm, respectively, which
correspond well with the emission wavelengths of the UV lamp.
The UV lamp is thus suitable to induce the photochemical reduc-
tion of the Au precursor. The ink solvents, that is, a mixture of
water, isopropanol, and 1,2-propanediol show negligible absorp-
tion over all wavelengths. However, both isopropanol and 1,2-
propanediol can act as reducing agents accelerating the reduction
of [AuCl,]™. It can be seen in the UV/VIS absorption spectra (Fig-
ure 2b) that the absorption peaks related to the gold precursor
disappeared in all cases. A characteristic absorption peak for Au’
can be seen at 534 nm. The intensity of the peak increases with
exposure time due to the continuous formation of Au NPs. As the
ink does not contain size-stabilizing agents, the resulting parti-
cle size is a result of the equilibrium condition reached during
the process. After having confirmed that the UV light source in
combination with the gold precursor ink is suitable to synthesize
Au’, the inkjet printability of the ink was investigated. The con-
centration of the gold precursor salt was generally 30 mg,, -
mL~! (Figure 2c). The inks could be stored for several months in
the dark without showing signs of degradation in terms of visible
precipitates, discoloration, or characteristic absorption peaks in
the UV/VIS spectra (Section S3, Supporting Information). Stable
jetting was observed over months thanks to the adjusted viscos-
ity and surface tension, as well as the absence of nanoparticles or
other compounds that could cause nozzle clogging (Figure 2d).
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Figure 2. a) Emission spectrum of the light irradiated by the mercury-based UV lamp utilized in this work. b) UV/VIS absorption spectra of bulk solution
of the Au precursor inkjet ink inside a glass vial after different exposure times to UV irradiation. c) Au precursor inkjet ink. d) Ejection of the ink from
six consecutive nozzles of the inkjet printer used in this work operating with piezoelectric actuation (note: the photo was taken directly after ejection of
the droplets when the tail is still visible. After 1 mm of falling, the ejected droplets formed spheres). e) Exemplary gold patterns printed on polyimide
(left panel: lines and rectangular frame; upper right panel: circular Au patterns; lower right: Au spot). f) Photographs of seven gold patterns of identical

theoretical dimension, but with increasing Au loading, deposited using PLS.

The Ohnesorge Oh number was used as a numeric indicator to
evaluate the general jettability of the ink.[??] The reciprocal of Oh
has been introduced in literature as the dimensionless Z num-
ber, defined as Z = Oh™! = (yx p x a)®/n where y, 5, and p
are the surface tension, viscosity, and density of the ink, respec-
tively. The quantity a represents a characteristic length, which in
this case is the diameter of the nozzle orifice, that is, 21.5 pm.
The ternary solvent mixture used as ink basis fulfilled three main
characteristics to obtain stable jetting: water was added to dissolve
the Au precursor salt, isopropanol to obtain a suitable y, and 1,2-
propanediol to reach a proper 7. The calculated Z value was 5.6,
which matches the predicted printability range of 1 < Z < 10.122]
The presence of 1,2-propanediol has another advantage, which is
caused by its slow evaporation rate. In that way, the drying time
of the printed layer of precursor ink was extended assuring that
a liquid layer was exposed to the light rather than a precipitated
salt.[’* The absence of particles in the ink allowed stable printing
for hours without the necessity to clean the nozzles, which is usu-
ally required for many nanoparticle-containing inks that cause
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often clogging of the nozzle orifices. In worst cases, the nozzle
orifices can be irreversibly blocked by precipitated and aggregated
nanoparticles. Nozzle cleaning in general is done by purging (i.e.,
the excessive release of ink under pressure from the nozzles to
flush away all possible precipitates), which can result in notable
losses of ink volume. The use of the purge-free gold precursor
ink in this work demonstrated therefore a printing yield of 100%,
thus without material loss.

Gold patterns of various shapes, such as gold spots and circular
gold patterns of 200 um and 1 mm diameter, respectively, as well
as gold bands and frames, were prepared by PLS on polyimide
(PI) foil (Figure 2e). In order to guarantee complete conversion
of the Au precursor during each printing pass (i.e., one single
PLS head translation over the substrate), the printing speed must
be limited. It has been found that the translation rate of the PLS
head should be less than 5 mm s~!. When faster printing speeds
were applied, traces of gold chloride were found for single print-
ing passes. With optimized printing speed, no further treatment
of the printed patterns was required and the Au films could be
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immediately used. The amount of Au deposited was controlled
by the printing parameters, precisely by the programmable dpi
number (Figure 2f). Alternatively, the concentration of the Au
precursor can be changed, but it is certainly more convenient and
faster to change the printing parameters than the ink. The mass
of gold deposited per area was calculated based on the ink vol-
ume printed per pattern. The droplet volume was estimated as
(11.4 = 0.7) pL (N = 3). It was obtained by analyzing the images
of individual spherical droplets, taken with the video camera in-
tegrated with the printer, after 1 mm of falling post droplet ejec-
tion. The Au pattern dimensions were measured with a digital
microscope and digital image analysis tools. Seven different gold
loadings were then prepared by printing one layer of ink (i.e, only
one droplet was deposited per coordinate). As can be seen from
the optical micrographs, above 43 pg,, cm™ the gold patterns
appear as homogeneous surfaces. Above 181 g, cm~2 however
(for a one-layer printing process), the patterns start to lose reso-
lution due to the extended volume of ink starting to spread over
the edges of the main pattern. The photochemically induced re-
duction of Au'" during PLS takes place in very confined reaction
volumes on the substrate, created by inkjet printing of the pre-
cursor ink. Depending on the dpi number, the estimated thick-
ness of the reaction volumes, not considering immediate solvent
evaporation, was between 6 pm and 110 pm for 270 and 2505 dpi,
respectively. These confined reaction volumes facilitate the depo-
sition of Au® onto the substrate surface with good adhesion. In
order to increase the Au loading, one possibility is to repeat the
printing process and printing in that way various layers on top of
each other.

2.1. Electron Microscopic and Spectroscopic Characterization of
Gold Films Prepared by Print-Light-Synthesis

Two types of gold-based films were fabricated in this work with
the aim to be used as electrodes in electroanalytical sensors.
One type required the deposition of individual Au NPs onto a
conductive support, i.e., inkjet-printed graphene, to fabricate Au
NP/graphene electrodes (Figure 3a). Individual Au particles were
expected from the microscopic investigation vide supra to ap-
pear with gold loadings below 43 ug,, cm~2. Three dpi num-
bers were applied and three electrodes were prepared. The SEM
micrographs of these three electrodes demonstrate the increas-
ing mass of Au from 1.9 to 7.1 and 27.7 pg,, cm~? by the in-
creasing number of Au NPs (bright spots on graphene that ap-
pear dark). Interestingly, the mean particle size of the Au NPs
on graphene decreases with increasing precursor loading dur-
ing printing (Figure 3a, left and central panels). In fact, apart
from small Au nanoparticles (white circles), aggregates of gold
nanoparticles are observed with the lowest Au loading (inset in
Figure 3a, right panel, red circles). These results demonstrate that
the PLS parameters, using only one Au precursor ink, can influ-
ence the synthesis of Au NPs on a conductive support. Thereafter,
PLS was performed on insulating substrates, such as polyimide
foil, with the aim to fabricate conductive Au films (Figure 3b).
With 43 and 93 pg,, cm~2 larger Au particles were formed that
showed poor percolation, which therefore resulted in noncon-
ductive Au films. Increasing the Au loading to 181 pg,, cm™
resulted in percolation and partial sintering of Au particles gen-
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erating a moderately conductive Au film (43 Q, electrical conduc-
tivity measurements vide infra). Increasing the Au loading fur-
ther increased the sintering rate and reduced the resistance of
the gold film until reaching a compact, hole-free Au film with
341 pgy, cm~? and 3.3 Q. During PLS, initial Au atoms and clus-
ters also absorb UV light (see UV/vis spectrum vide supra). This
might promote the reduction of the Au precursor preferably on
excited Au’, facilitating the growth of the first generated Au par-
ticles rather than creating new Au NPs. However, at this stage,
this is a mechanistic proposition.

Energy-dispersive X-ray spectroscopy (EDS) was then per-
formed to investigate whether the conversion of the gold precur-
sor to Au’ was complete. The main indicator for the complete-
ness of the precursor conversion is the absence of the chlorine
peak in the EDS spectrum. In fact, no chlorine peak was ob-
served for samples with 43 to 86 and 181 ug,, cm=2 while the
peak related to gold increased according to the Au loading (Fig-
ure 3c). The XRD spectrum (Figure 3d) shows four characteris-
tic peaks for the Au faces at diffraction angles 38.3° (111), 44.5°
(200), 64.72° (220), and 77.71° (311). No peaks related to the Au
precursors, that is, Cl-containing compounds were found. The
lattice constant equal to (4.0741 + 0.0007) A, obtained by fitting
with a cubic unit cell of Fm3m symmetry, was consistent with
the literature. The mean isotropic domain size was refined to 46
nm. The XPS spectrum (Figure 3e) shows all common Au peaks
as expected and only a minor signal for Cl at 200 eV. In the Au
4f region (Figure 3f), clear peaks for Au 4{7/2 and Au 4{5/2 are
seen at 87.42 and 83.75 eV, respectively, with A = 3.67 eV.

2.2. Electrochemical Performance of PLS Au Electrodes Prepared
by Print-Light-Synthesis

As the PLS gold is preferably used by us as WE material for elec-
trochemical sensors, the electrochemical performance of the PLS
Au electrodes was evaluated by using cyclic voltammetry. First,
the performance of PLS Au NP/graphene electrodes with three
different Au loadings was investigated in 0.5 M H,SO, and the
results were compared with the bare graphene electrode (elec-
trode blank). Figure 4a shows the micrograph of one exemplary
graphene electrode (electrode area 2 mm x 2 mm) coated with
27.7 uga, cm~2. The presence of Au had been verified by SEM
(vide supra), but a yellowish coloration of the graphene surface
can even be seen by the eye as well. The strip of bare graphene,
seen at the bottom of the picture of the electrode used for electri-
cal connection, was insulated with an inkjet-printed dielectric ink
resulting in an active working electrode area of 4 mm?. The re-
sulting cyclic voltammograms (CVs) of the four tested electrodes
are shown in Figure 4b. The electrode blank measurement (i.e.,
using the non-coated graphene electrode) shows over the entire
potential window the typical broad CV shape for an electrode film
composed of graphene. The broadening of the CV is caused by
dominant capacitive currents that are caused by the charging and
discharging of the electrical double layer. The capacitive contri-
bution to the total recorded current is proportional to the real
surface area of the electrode, which is influenced by the surface
roughness and porosity of the graphene pattern. At about 1.3V,
the current starts to increase, which could be related to the evo-
lution of oxygen through the electrochemical oxidation of water.
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Figure 3. a) SEM micrographs of patterns of Au nanoparticles on graphene realized by PLS with three different Au loadings. b) SEM micrographs of Au
films on polyimide with different Au loadings as obtained by PLS. Resistance values measured in two-point-probe mode. c) EDS spectra of Au films with
three different Au loadings, created by PLS on polyimide. The Au peak is indicated, as well as the theoretical position of the precursor salt anion. d) XRD
spectrum of Au film obtained by PLS on polyimide. e) XPS spectrum of Au film on polyimide. f) XPS peaks related to Au 4f.
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Figure 4. Electrochemical performance of PLS Au NP/graphene elec-
trodes. a) Inkjet-printed graphene electrodes coated with different load-
ings of Au NPs as obtained by PLS. Polyimide was used as substrate.
b) Cyclic voltammograms (CVs) of Au NPs, obtained by PLS, on inkjet-
printed graphene electrodes, in comparison to the CV recorded with a
bare graphene electrode (black dashed line). Au NP loadings were 1.9
(blue), 7.1 (red), and 27.7 pga, cm™~2 (green), respectively. Measurements
were performed in 0.5 M H,SO, with a scan rate of 100 mV s~'. ¢) Lin-
ear regression graph of the peak currents for the reduction of gold oxide
as obtained during the CVs of (b), baseline-corrected, versus Au loading.
d) LSVs for the detection of ascorbic acid comparing the performance of
PLS Au NP/graphene electrode (25.4 uga, cm™2, black curves) with a bare
graphene electrode (right curve). The test solution with 1 mm ascorbic acid
in 0.1 M HCIO, (solid lines) and the blank (dashed lines) were measured
with a scan rate of 100 mV s™.
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With Au NPs deposited on graphene, the recorded current starts
to increase already at about 1.1 V, leading even to an oxidation
peak at about 1.3 V for the highest Au loading. This enhance-
ment of current, which becomes more pronounced with increas-
ing Au loading, is most likely due to the well-known formation of
Au oxide. In the reverse scan, the reduction of the as-generated
Au oxide takes place generating sharp reduction peaks at about
0.95 V. The reduction peak is absent in the CV recorded with
the bare graphene electrode confirming the presence of Au on
the graphene electrodes treated with PLS of Au. The height of
the reduction peaks, determined by subtracting from all CVs the
electrode blank (i.e., the curve obtained with the bare graphene
electrode) was proportional to the Au loading (Figure 4c), result-
ing in an r* close to 1. This is an interesting outcome of PLS be-
cause it demonstrates that the increase of the total gold surface
is proportional to the Au loading, which is controlled by the pa-
rameters used for inkjet printing. The advantages of the PLS Au
NP/graphene electrodes for electroanalytical sensing were veri-
fied by detecting an antioxidant. Figure 4d shows the linear sweep
voltammograms (LSVs) of the sample blanks (i.e., 0.1 m HCIO,,
dashed lines) and of the test solution, which was 1 mwm ascor-
bic acid in 0.1 m HCIO, (solid lines). Covered with Au NPs, the
graphene electrode shows a more pronounced slope and current
peak for the oxidation of ascorbic acid. Both LSV features occur
at a lower electrode potential compared to bare graphene, indi-
cating thus an electrocatalytic effect for the electro-oxidation of
antioxidants thanks to the PLS Au NPs.

Thereafter, the electrochemical performance of the thin con-
ductive Au film electrodes on polyimide was evaluated in acidic
and basic aqueous solutions. The Au film overlapped partially
with an inkjet-printed Ag film for electrical connection. The Ag
was insulated by inkjet printing of the dielectric ink. The CVs
recorded in 0.5 M H,SO, and 0.1 m KOH show the characteristic
peaks and waves expected for Au. In 0.5 m H,SO, (Figure 5a), the
broad anodic signal starting from 1.05 V upward corresponds to
the formation of Au oxides. Two minor and one large oxidation
peak can be seen that can be correlated to the different Au faces.
For instance, the large oxidation peak at 1.37 V is generally re-
ferred to as Au (111). This is in agreement with the pronounced
diffraction peak for Au (111) in the XRD spectrum (vide supra).
The large reduction peak at 0.89 V corresponds to the electro-
chemical reduction of Au oxide. Also in 0.1 M KOH (Figure 5b),
the shape of the CV corresponds to the one generally reported
for gold. Above 0.25 V, Au hydroxide (AuOHj;) formation sets in,
while the reduction of gold hydroxide is observed at about 0.1
V. Notably, the Au films showed strong adhesion to the PI sub-
strate over a broad range of pH values and under long immersion
times (i.e., at least for hours) in solution. Au is further known
to be a suitable electrode material for the electrochemical detec-
tion of alcohols and saccharides.?3! In particular, the detection
of glucose has been studied at Au for many years. For instance,
many so-called enzyme-less glucose sensors based on gold or
gold/copper oxide composites have been proposed.3¢2*] There-
fore, the response of a gold electrode to glucose can be used as an
indicator for evaluating the applicability of the PLS Au film elec-
trode. Glucose is generally detected at Au in pH ranges 7-12.1%]
In fact, the CV in Figure 5c, recorded in phosphate-buffered solu-
tion at physiological pH (i.e., pH 7.4) containing 5 mwm glucose,
showed clearly the presence of glucose-related peaks. Working
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Figure 5. Basic electrochemical characterization of thin Au film electrodes
prepared by PLS on polyimide foil. a) Cyclic voltammogram (CV) in 0.5 m
H,SOy, scan rate 100 mV s~'. b) CV in 0.1 M KOH, 10 mV s~". ¢) CV in
5 mm glucose in phosphate-buffered solution (pH 7.4), scan rate 20 mV
s71, not degassed.

under physiological conditions has the advantage of not being
obliged to manipulate the pH or the matrix of a sample solution.
This is of interest when measuring, for instance, in body fluids
or cell cultures. In the forward scan, starting from —0.5 'V, the ad-
sorption of glucose is seen by the oxidation wave between about
0.10 and 0.45 V as a result of dehydrogenation. Thereafter, glu-
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cose oxidation to gluconolactone sets in. The anodic currents at
more positive potentials are most likely the result of the forma-
tion of gold hydroxide, which is inactive for the oxidation of glu-
cose. In fact, Au(IIl) hydroxide is the preferred species in the pH
range of 7-12 in that potential region according to the Pourbaix
diagram.[®] Gold hydroxide is then reduced in the reverse scan
at about 0.5 V (reduction peak), enabling again the adsorption of
glucose and its electro-oxidation as demonstrated by the signifi-
cant current increase reaching an anodic peak at 0.26 V. The pro-
cess is more efficient when being carried out in alkaline media.?*]
However, with the PLS Au film electrodes, glucose can be even
detected under near-neutral conditions. The signals at potentials
inferior to 0 V are due to the reduction of dissolved oxygen in
the solution. The electrochemical detection of a specific analyte
of interest with the PLS gold film electrode is discussed in detail
in the following section.

2.3. Use of PLS Au Film Electrodes as Electrochemical Sensors

In order to perform electroanalytical measurements, the active
area of the Au electrode must be reproducibly fabricated. In order
to improve the resolution of the fabrication of Au films by PLS,
a modification of the PLS procedure was performed. Improving
the resolution of inkjet printing can be generally achieved by the
avoidance of the lateral spreading of the ink over the substrate
surface before the target ink components are solidified. The di-
ameter of the UV spot, which exits the outlet of the light guide,
is 5 mm and thus larger than the dimensions of the printed Au
precursor pattern during one printing pass. Therefore, a larger
area of polyimide absorbs the light that is directed at it during
PLS (Section S3, Supporting Information). As well known, Plisa
material of high thermal stability and is used as an electrical and
thermal isolator. Due to its low thermal conductivity (~0.18 W
(m K)71), it can heat up upon continuous irradiation with proper
wavelengths. When the thin polyimide foil is fixed to the metal
vacuum chuck of the inkjet printer, the vacuum chuck can trans-
port part of the generated heat immediately away from the PI and
block in this way strong local heat generation (Figure 6a, upper
panel). The transport of heat away from the reaction volume was
then avoided by placing the PI substrate on the vacuum chuck of
the printer using a spacer of 150 pm or 300 um creating a space
between the PI foil and the metal chuck of the printer that was
filled with air. The air in that space impedes the transfer of the
heat from the PI foil creating a region of local heat confinement
just below the irradiated reaction volume. From the observations
made, it is suggested that Au® formation is facilitated and ink
spreading is reduced (Figure 6b), which can be seen from the
obtained resolution of the printed patterns (Figure 6¢,d). While
with metal contact below the PI, the spreading of the ink per-
pendicular to the printing direction was above 1.35 mm leading
to an elliptic total shape of the printed pattern, 0.51 mm, and a
rectangular shape was reached when there was air below the sub-
strate (the differences in ink spreading are indicated as two verti-
cal double arrows). Thermal reduction of [AuCL,]™ at air is known
as a three-step process generating Au® at about 300 °C, leading to
gaseous or easily evaporable side products (Section S2, Support-
ing Information).[?®! However, it is important to highlight that
the conversion of the Au precursor into Au® in this work is not
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Figure 6. Optimized PLS to improve printing resolution by influencing the distribution and transfer of the heat locally generated by the absorption of
UV light by polyimide. Notes: the lengths of the two Au patterns were different (2 mm in (b) and 4 mm in (c)) and the focus is made on the direction
perpendicular to the printing direction. The direction of inkjet printing of the gold precursor ink was in both cases from left to right.

Table 1. Loading and electrical conductivity of Au films obtained by Print-
Light-Synthesis.

Loading,,, tay [um]?) Electrical conductivity % of bulk gold electrical
[ug cm™2] [x107 Sm™] conductivity?

472 0.316 0.52 12

944 0.632 0.63 14

1419 0.947 0.72 16

) Thickness frombSEM measurements of the cross-section of the Au films obtained
by blade cutting ” Electrical conductivity of bulk gold: 4.4 x 107 S m~1.[27]

caused alone by the heat that is generated by the substrate upon
irradiation. Gold films were also obtained on a glassy carbon (GC)
plate (which is expected to transfer heat much more efficiently
than polyimide) and on an ITO-coated glass slide (which hardly
absorbs the wavelengths emitted by the used UV lamp) (Section
S4, Supporting Information).

The film thickness ¢ scales with the number of printed layers
and thus with the amount of gold precursor printed and con-
verted, leading to t,, (um) = 6.69 x 10* um® pg™' X loading,,
(ug um~2). The density of the Au films was in the range of 13.60
(472 pg,, cm™2) and 15.11 g cm™> (1419 pg,, cm~2), which cor-
responds to 70% and 78% of bulk gold, respectively (Section S5,
Supporting Information). The electrical conductivity ranges from
12% to 16% compared to bulk gold for Au loadings between 472
and 1419 pg,,, cm~2, considering the film thicknesses obtained by
SEM (Table 1, Section S5, Supporting Information). This is well
congruent with the electric conductivities of Au films reported in
the literature and being obtained with similar concepts. The elec-
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trical conductivities of the Au films confirm that once a dense Au
coverage is achieved (>340 pg,, cm™2), the electrical conductivity
increases only a little with increasing Au loading.

In the following, the electroanalytical performance of an Au
film electrode with 634 um,, cm=2 was compared with the per-
formance of a commercial screen-printed Au film electrode. All
measurements of these two types of working electrodes were car-
ried out using the same counter electrode (CE) and reference
electrode (RE). 1,4-butanediol (1,4-BD), which has been reported
to be reasonably well detectable at gold electrodes by electro-
oxidation, was herein selected as a test analyte.[”®! Apart from
its wide use in the chemical industry, 1,4-butanediol has re-
cently found applications for instance in alkaline direct liquid fuel
cells.®] Therefore, there are different areas in which the detec-
tion of this analyte by using sensors could be of interest. Among
the four stable isomers of butanediol, 1,4-BD is one of the iso-
mers that is relatively difficult to be electrochemically detected,
even at gold.*®! This was confirmed by the measurements per-
formed herein with the screen-printed gold electrode. Figure 7a
shows the CV recorded with a scan rate of 100 mV s~'. The black
curve shows the CV of the solution blank (0.1 M KOH), in which
capacitive currents due to double-layer charging can be identi-
fied. The increase in the current above 0.3 V might be related
to the oxidation of Au. The red curve shows the CV of the sec-
ond measurement with this electrode, which was carried out in
50 mL of 0.1 m KOH to which 0.5 mL of 1,4-butanediol were
added. The forward and reverse scans show slightly larger an-
odic currents all over the potential window, but a clear peak or
wave for the electro-oxidation of 1,4-BD cannot be identified. A
third measurement was performed, which was a second CV in
the blank (0.1 m KOH). The two blanks overlap demonstrating
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Figure 7. The performance of the Au electrodes prepared by PLS in comparison with a standard screen-printed Au electrode in the absence and presence
of a test analyte, that is, 1,4-butanediol, in basic aqueous solutions. a,b) CVs in i) 0.1 M KOH (black curves), ii) 0.1 v KOH with a high concentration
of 1,4-BD (red), and iii) again in 0.1 m KOH (blue) using a screen-printed Au electrode (a) and an Au electrode obtained by PLS (b). c) Detection of
1,4-BD at low concentrations using the PLS Au electrode: CVs in i) 0.1 m KOH (black), ii) 0.1 M KOH, 0.5 mm 1,4-BD (red), and iii) again in 0.1 m KOH
(blue). d) Calibration for the detection of 1,4-BD in 0.1 M KOH using the PLS Au electrode. General notes: Potential scan rate was 100 mV s~'. For
all measurements, identical RE and CE were used. The green asterisks show the position of the peak for the electrooxidation of 1,4-BD at the PLS Au

electrode.

that the electrode properties were unchanged and that the cur-
rent increase seen in presence of 1,4-BD was probably related
to the electro-oxidation of the analyte. However, the absence of
clear peaks demonstrates that this electrode cannot be used for
this task. Thereafter, the same series of CV measurements, that
is, 0.1 M KOH (1st solution blank), 50 mL 0.1 m KOH + 500 uL
1,4-BD (analyte), and 0.1 m KOH (2nd solution blank), was car-
ried out using the Au film electrode fabricated by PLS (Figure 7b).
The CVs in the solution blank show the characteristic shapes in
0.1 M KOH as discussed vide supra, but the measurement in pres-
ence of 1,4-BD demonstrates a large anodic peak for the electro-
oxidation of 1,4-BD. These measurements demonstrate the su-
perior performance of the PLS-fabricated Au electrode compared
to a commercial screen-printed Au film electrode. The same ob-
servation was made compared with another type of commercial
screen-printed Au electrode, in this case, graphite coated with Au
NPs (Section S6, Supporting Information).

Thereafter, the PLS Au electrode was used to measure mod-
erate concentrations of 1,4-BD (Figure 7c). The peak currents
obtained by measurements in various concentrations of 1,4-BD
were extracted without baseline correction in order to create a
calibration graph. Linear regression using ISO 8466 resulted in
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a calibration line with equation I (uA) = 0.2098 pA mmM~! X ¢
(mm) + 0.7384 pA. An * of only 0.9889 was obtained, and con-
sequently, the limit of detection (LOD) was only 1.2 mm. Polyno-
mial fitting was then carried out resulting in equation I (uA) =
—0.008 pA mM~2 X ¢? (mm?) + 0.291 pA mm~! X ¢ (mM) + 0.671
pA an r* of 0.998. In the investigated concentration interval, no
calibration curve could be recorded with the commercial screen-
printed Au film electrode demonstrating that Au film electrodes
rapidly produced by PLS can outperform certain screen-printed
commercial Au electrodes. However, it must be stated that not all
commercially available screen-printed electrodes were analyzed
in this work.

3. Conclusions

To conclude, inkjet printing and photochemical reduction of
an additive-free Au precursor ink for the one-step fabrication
of Au films were developed. Inkjet printing was used to create
micrometer-thin reaction volumes on a substrate, in which tetra-
chloroauric(I1I) acid reduces to pure Au’, while all other ink com-
ponents evaporate or degrade leaving no residues on the sub-
strate. By taking advantage of inkjet printing, the loadings of Au
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(uga, cm~2) were highly controllable, either by adjusting the pre-
cursor concentration in the ink or, as demonstrated in this work,
by the number of droplets deposited per area. The PLS transla-
tion rate was optimized so that for each printing pass, the gold
precursor conversion into Au® was complete.

The performance of the PLS Au electrodes for electroanalyti-
cal sensing was evaluated by voltammetric methods in solutions
of different pH and the presence of typical electro-active species
detectable at gold such as glucose and 1,4-butanediol. The PLS
electrodes demonstrated high stability and sensitivity. The sensi-
tivity of PLS Au versus commercial screen-printed Au electrodes
was notable and demonstrates not only the competitiveness of
PLS for the industrial production of disposable electrochemical
sensors but also application advantages. The integration of three
electrode sensors for screen printing is a straightforward step and
can be fully realized by inkjet printing (Section S7, Supporting In-
formation). The gold sensors could find applications in industrial
processes or energy conversion devices in which 1,4-butanediol is
used in order to monitor the concentration of 1,4-BD. The com-
bination of an inkjet printer and UV lamp is rather economic
compared to other microfabrication techniques used for Au film
production. It offers many opportunities for the on-demand pro-
duction of disposable flexible sensors for research and commer-
cial uses. In fact, inkjet printing constantly develops further ap-
proaching more industrial applications, where it can only suc-
ceed if it will compete or even overcome certain established state-
of-the-art techniques for the fabrication of entire devices or parts
thereof. This is in particular valid when a large number of differ-
ent pattern structures are designed and then printed by deposit-
ing scarce and thus expensive materials such as noble metals and
noble metal precursors. From the capital cost perspective, inkjet
printing can be compared with screen printing (40 000 USD for
a research scale platform, noting that the printing process it-
self does not differ much between laboratory scale and industrial
scale inkjet printing and screen printing).*!l The major advan-
tage of inkjet printing is certainly its mask-less and waste-less op-
eration mode, while disadvantages include the stability limits of
particulate inks and related printhead lifetimes. Key advantages
of the PLS are especially the use of particle-free inks that increase
substantially the lifetime of printheads and the use of integrated
light sources, operated in-line with printing, rather than using
a furnace in a separate process. From the production speed per-
spective, PLS profits from the use of particle-free inks enabling
fast printhead translation times, high jetting frequencies, and the
use of parallel nozzles to reduce the printing time, as for the ex-
ample of the Au patterns presented herein from ~20 min per
pattern to 90 s by changing from 1 nozzle to 16 nozzles.

4. Experimental Section

Materials:  Tetrachloroauric(lll) acid (HAuCl, - 3H,0, >99.9% trace
metals basis), glucose, 1,4-butanediol, isopropanol, 1,2-propanediol,
KOH, H,SO,, HCIO,, and L-ascorbic acid were obtained from Sigma-
Aldrich. A graphene dispersion (graphene ink for inkjet printing with ethyl
cellulose in cyclohexanone and terpineol, Sigma-Aldrich), a silver disper-
sion (30-35 wt% in triethylene glycol monomethyl ether, Sigma Aldrich),
and UV curable Bectron 1) 5001 VP (Elantas) were used for inkjet print-
ing of graphene, silver, and a dielectric used as an insulator, respectively.
All reagents were used as received. DI water (18.2 MQ) was produced
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by using a Milli-Q water purification system. Pl film (150 um thickness)
was obtained from Dr. Dietrich Miiller GmbH (Germany). Indium-tin ox-
ide (ITO, In,03/Sn0O,)-coated T mm thick glass slides (Sigma-Aldrich)
and GC Sigradur K plates (HTW) were used as alternative substrates
for comparison. Screen-printed Au electrodes (250AT) and screen-printed
graphite electrodes modified with Au NPs (110GNP) electrodes were ob-
tained from Metrohm Dropsens.

Print-Light-Synthesis of Gold: The PLS platform was a hybrid system
composed of a Fujifilm Dimatix DMP-2831 inkjet printer and an Omnicure
$2000 mercury UV lamp (Excelitas). The inkjet printer was operated with
printheads in form of cartridges (type DMC-1161, piezoelectric actuation,
nominal droplet volume 10 pL, 16 individually addressable nozzles). The
printhead holder was customized to enable the mounting of a liquid light
guide (output diameter 5 mm) that transferred the light emitted by the UV
lamp directly onto the substrate with a spot size of ~5 mm. The 200 Watt
UV lamp yielded outputs of up to 30 W cm~2 and was herein used with
maximum intensity. The position of the light guide output was close to the
nozzles of the cartridges and aligned with the printing direction creating a
customized PLS head. The cartridge and the UV light were simultaneously
translated during PLS. Therefore, the UV spot passed over the printed area
with a minor time shift to irradiate the printed ink quasi-simultaneously.
The opening and closing of the shutter of the UV lamp were controlled
with the software of the inkjet printer enabling and disabling irradiation
on demand.

PLS of Au films were performed by printing a gold precursor ink
(tetrachloroauric(lll) acid in a mixture of water, isopropanol, and 1,2-
propanediol) with varying dpi in various shapes on substrates such as
polyimide, glassy carbon, and ITO coated glass slides. The UV lamp was
active during each printing pass. The printing speed was adjusted to en-
able the complete conversion of Au'"" into Au® during each printing pass.

All inkjet printing parameters, such as the waveform for droplet ejec-
tion and jetting frequency, were optimized for each ink (Au, graphene, sil-
ver, and dielectric). The inks, substrates, and Au films were fabricated and
stored under ambient conditions.

Au Characterization: XPS measurements were carried out on an Axis
Supra (Kratos Analytical) using the monochromated Ka X-ray line of an
Aluminum anode. The pass energy was set to 40 eV with a step size of 0.15
eV. The sample was electrically insulated from the stage and charge com-
pensation was used. Data were referenced at 284.8 eV using the aliphatic
component of the C1s orbital. XRD measurements were performed with a
Bruker D8 Discover Plus equipped with a rotating anode (Cu) and a Dec-
tris Eiger2 500K detector. In order to separate the signal from the different
(small) regions on the sample point, collimating optics were used (1 mm
pinhole, T mm collimator) to select a beam provided by a focusing Gé-
bel mirror. Data were acquired as theta-2theta scans using the 1D mode
of the detector. The resistances of the solid Au films were measured ei-
ther with a collinear four-point-probe measurement system Alessi CPS us-
ing osmium probes with a spacing of 1.5875 mm connected to a Keithley
2401 SourceMeter and a collinear four-point probe device with T mm sep-
arated solid tungsten carbide probes (Jandel Engineering) connected to
a Keysight Precision Source/Measure Unit B2902B. Electrochemical mea-
surements were performed using conventional electrochemical worksta-
tions, that is, a VersaSTAT 3F (Ametek-Princeton Applied Research), Com-
pactStat (lvium Technologies), or a CHI900b (CH Instruments). All elec-
trochemical measurements were carried out in a three-electrode configura-
tion using the Au electrodes as WE, a platinum wire as the CE, and minia-
turized Ag/AgCl/KCl solution electrodes as RE. For the measurement of
the commercial screen-printed electrodes, the contacts of the integrated
RE and CE were sealed with scotch tape. Where applied, the normalization
of the recorded current was carried out by consideration of the measured
geometric surface area of the WE. The thickness of Au films was measured
by the inspection of the cross-section of the film using SEM.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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