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Abstract: Electrolytic spray deposition was used to pattern
surfaces with 2D metallic nanostructures. Spots that contain
silver nanoparticles (AgNP) were created by landing solvated
silver ions at desired locations using electrically floated masks
to focus the metal ions to an area as little as 20 um in diameter.
The AgNPs formed are unprotected and their aggregates can
be used for surface-enhanced Raman spectroscopy (SERS).
The morphology and SERS activity of the NP structures were
controlled by the surface coverage of landed silver ions. The
NP structures created could be used as substrates onto which
SERS samples were deposited or prepared directly on top of
predeposited samples of interest. The evenly distributed hot
spots in the micron-sized aggregates had an average SERS
enhancement factor of 10°. The surfaces showed SERS activity
when using lasers of different wavelengths (532, 633, and
785 nm) and were stable in air.

M etallic nanoparticles have attractive properties in catal-
ysis, photonics, and chemical sensing.!! Raman spectroscopy
is a powerful nondestructive technique,? the sensitivity of
which can be significantly improved through surface-
enhanced or tip-enhanced methods.”! The enhancement
arises from the proximity of the analytes to intense localized
fields created by nanoscale objects.!l The capability to modify,
coat, and pattern surfaces with nanostructures is important
for SERS and also for a wider range of nanomaterials
applications.’! Conventionally, modified surfaces are con-
structed by delivering intact nanoparticles to target locations
through dropcasting or spin coating./! However, the difficulty
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in positioning discrete particles with control over orientation,
position, and degree of aggregation means that drop casting
of nanoparticles has not been widely used in the high-
throughput preparation of SERS substrates. Immobilized and
shell-isolated nanosystems™ ®7 address these issues, but the
necessary vacuum preparation procedures significantly
increase the complexity of such approaches.

Ion/surface collisions including ion soft-landing have been
used to fabricate surface structures under vacuum.® Recently
an electrolytic spray ionization method" has been developed
that is capable of generating noble metal ions directly from
their solids under ambient conditions as precursors for
nanoparticle synthesis. Herein, we report the in situ fabrica-
tion of SERS-active spots and micro-scale patterns by landing
ionized silver at desired locations where spontaneous catho-
dic reduction takes place, allowing the creation of nano-
structure assemblies.

Silver is a widely used SERS material'” and the plasmon
resonance of silver nanostructures is tunable through the
visible to mid-infrared regions of the electromagnetic spec-
trum.""! Electrolytic spray deposition readily creates spots of
approximately 3 mm in diameter composed of silver particles
(AgNP) at desired locations, both on top of previously
deposited analyte as well as prior to analyte deposition
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Figure 1. a) Two AgNP-containing spots created on a penny coin by
electrolytic spray ionization deposition under ambient conditions. The
top spot was created before drop casting a crystal violet sample (“NP-
below”) while the lower spot was created on top of a layer of crystal
violet (“NP-on-top”). 10 Monolayers (ML) of silver ions were landed to
create both spots, which showed similar morphology (c, d) and
enhanced Raman signals (b).

(Figure 1). Both the NP-on-top and the NP-below config-
urations prepared in this way showed uniformly distributed
silver NPs in SEM images (Figure 1¢,d). The particles were
polydispersed in size and shape, yet the morphology was
uniform across each spot (Figure 2, and Figures S4-S7 in the
Supporting Information). On the one hand, the polydispersity
conferred surface plasmon resonance activity over a wide
energy range, making the spots SERS-active when using
lasers of different wavelengths (532, 633, and 785 nm) in the
cases of crystal violet and Rhodamine 6G as probe molecules
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Figure 2. Effect of Ag coverage on SERS signal intensity from copper
foil surface. See Figure S4 for the SEM images of the corresponding
surfaces. Crystal violet (~10° molecules per um?) was applied over
the whole Ag deposition region by dropcasting. Each spectrum was
acquired using 8.6 mW 633 nm laser excitation, with an acquisition
time of 1's.

(Figures S1 and S2). A resonance effect is evident using
a 532 nm laser, but is avoided by using a 785 nm laser or by
using R6G with a 633 nm laser. On the other hand, the
uniform NP distribution resulted in numerous evenly distrib-
uted hot spots within each nanoparticle assembly (Figure S3).
The robustness of this SERS surface is greatly enhanced by
these features. Note that both the NP-on-top and the NP-
below surfaces showed similar SERS enhancements, (Fig-
ure 1b).

Uniform spatial distribution of the landed silver ions
(10 nA)® s critical for highly active surfaces. With the emitter
tip (1-5 um diameter) placed 5 mm from the cm-sized target,
a roughly uniform charge distribution is created in the 2-
Smm diameter droplet plume, as mapped using a CCD
atmospheric pressure ion detector (Figure S8).'”! The approx-
imate uniformity in the central region of the spray was evident
when examining the prepared structures using optical and
electron microscopy. Coverage values were calculated from
the accurately measured spot sizes and the logged deposition
currents. The uniform SERS activity is most readily seen in
Raman images (Figure S3a).

Using a copper foil as the support material, a coverage
dependent study of the SERS enhancement was performed.
As shown in Figure 2, the Raman signal for crystal violet
(1 pm in MeOH, 2 pL dropcast to an approximately 3 mm
spot) increased more than 10 times as the silver coverage
increased from 1.6 ML to 5.5 ML and continued to increase
until the CCD detector began to saturate at 9.9 ML when the
average enhancement factor was 4 x 10%,

SEM images for these surfaces (Figure S4) show single
nanoparticles and a small number of aggregates at low surface
coverage (1-3 ML). As the silver coverage was increased to
9.9 ML, the granules/particles grew larger and then aggre-
gated with neighboring particles. This coverage-controlled
in situ fabrication method produced uncapped NP structures.
An important phenomenon is that features of the individual
NPs were maintained during this aggregation process, creat-
ing numerous 1-5 nm gaps and crevices across the surface.
This might be due to the fact that the particles were anchored
to the metal surfaces during their growth. The nanojunctions
and nanogaps (Figures S4 and S5d) observed are believed to
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be ideal for creating SERS hot spots'*! although the
stability of the surfaces in air is more noteworthy. The SERS
peak intensities are summarized in Tables S1 and S2. The
enhancement factors (Table S2) were calculated using a pre-
viously reported method (see the Supporting Information,
Section 2).0:14

For a circular landing spot of 3 mm diameter, the 10 nA
ion current is equivalent to 0.03 ML/minute. At this rate, it
took 5h to prepare a 10 ML spot. A higher landing current
density was achieved by positioning the emitter closer to the
surface or by increasing the spray voltage from 1.5kV to
around 2.5 kV, which also increased the fluctuation of both
landing current and spot size. By placing a mask of non-
conductive material (or electrically floated conductive mate-
rial) on top of the deposition surface, the landing current
density was increased reproducibly (see the Supporting
Information, Section 5). The local electric field that produced
a focusing effect is generated by charge buildup on the mask
material during ion deposition.!'”] The simplest form of this
idea was realized by applying a perforated plastic foil, or
electrically floated metal mesh, on top of the deposition
target, as shown for one particular experiment (Figure 3).
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Figure 3. Schematic of the ionization, focusing, and deposition experi-
ment. The drawing is not to scale, but the important dimensions
(diameters and distances) are labelled. As a result of the charge-
induced focusing effect, the spot sizes in the deposited patterns are
10 times smaller than those in the mask.

In typical experiments, this focusing effect increased the
landing current density by a factor of around nine, with a 5-
25% decrease in total ion current. Arrays of AgNP-contain-
ing spots were created in a single deposition process, simply
by using masks with an array of apertures (Figure 3, and
Figures S9-11).

The operations just described are essentially lithographic
approaches similar to stencil vapor deposition in vacuum.!"!
Under ambient conditions, ion beams and charged droplets
manipulated by electric fields, magnetic fields, and pneumatic
forces,!'” should be useful in lithography applications. Beyond
static patterns, a coupled moving stage allowed writing of
more detailed subpatterns (Figure 4).

Aside from the other applications inherent in these 2D
structures,'® these patterns are easily identifiable under
microscopes and the patterned images also help to distinguish
the synthesized nanoparticles from adventitious particles
inevitably present in ambient experiments.
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Figure 4. Optical images of a) AgNP patterns created using a grounded
TEM grid as a static mask, and b) AgNP patterns created using

a floated metal mesh as a mask while moving the copper target
discontinuously underneath it. The movement created three-spot
patterns visible at a number of locations. Images (c) and (d) are
Raman maps of the selected (150x 150 um?) regions in (a) and (b),
respectively. Raman signals of the dropcast (=3 mm diameter circle)
crystal violet sample are only observable in the AgNP regions. The
Raman intensity in the 1154 to 1204 cm™' range was used for imaging.
The highest peaks in the images correspond to a Raman signal

(1176 cm™' peak) of 41870 countss™'-mw ™" in (c), and

37690 countss™-mw " in (d).

The choice of support material was also found to
significantly influence the SERS activity of the deposited
silver nanostructures, as is the case for other modification
methods.”1**! Generally, flat-polished slide supports gave
much lower SERS enhancement factors under the same
conditions (~ 10 ML Ag coverage, Table S2). Copper, alumi-
num, and gold foils (not flat at the microscale) gave the
highest average SERS enhancement factors (exceeding 10’
and reaching 10°), while brass and stainless steel foils gave
weak enhancements. Although detailed mechanisms are not
clear, the results for a gold foil support demonstrate that
displacement plating®®”! and oxide participation is not critical
to the generation of SERS active surfaces by the electrospray
deposition method. The flexible foils used here serve as
efficient SERS sampling media, allowing dropcasting, wiping,
spin coating, and spray deposition of samples. More impor-
tantly, samples can be present on the surface and hot spots can
be generated in situ by depositing silver ions onto the sample
spot (NP-on-top). Enhanced Raman signals were observed
for all these methods.

In conclusion, the fabrication of nanostructures through
electrolytic spray deposition is a “green”, one-pot preparation
method at ambient conditions that eliminates vacuum, lasers,
and solution procedures associated with conventional nano-
fabrication. Micrometer-scale patterns can easily be made for
SERS imaging and other purposes. Only sub-nanogram
amounts of silver are consumed for each SERS substrate,
spectra can be recorded in under a second, and the surfaces
are stable in air for days. The enhancement factor is not
unusual, but the simplicity of the fabrication method and the
stability of the surfaces are noteworthy. Operation under
atmospheric pressure further increases the ease of nanoscale
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surface modification. Electrolytic spray ionization deposition
may serve well as a complement to sputtering or vapor
deposition in other applications, such as the generation of
plasmonic superstructures, catalysts, and in lithography.
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Electrolytic spray deposition was
employed for the formation of nanopar-
ticle spots on various substrates in air.
These materials are rugged, versatile
substrates for surface-enhanced Raman
spectroscopy, in which they lead to good
enhancements. Lithographic applications
of this method of ion deposition were
also investigated.
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