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A helium gas atmospheric pressure plasma jet (APPJ) is used to prepare a silver-based SERS substrate.
The Raman enhancement from substrates created using APPJ compares well with two commercially
available silver-based SERS substrates and an in-house prepared physical deposition of pre-synthesised
silver nanoparticles. An aqueous solution of rudimentary silver salt was required as an ink to deposit zero
valent silver in a single step with no post processing. An array of 16 x 16 silver ‘islands’ are printed on
borosilicate glass, each island taking 5 seconds to print with a power of < 14 W to sustain the plasma.
The SERS response was assessed using 4-mercaptobenzoic acid and rhodamine 6G as model analytes,
with a calculated detection limit of 1 x 107® M. Also demonstrated is the removal of analyte from the
surface after Raman measurement by exposure to helium APPJ doped with oxygen followed by
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hydrogen to restore zero baseline. This regeneration takes less than 10 seconds and allows for replicate
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Introduction

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive
detection technique with the capability of nanomolar or lower
limit of detection for some analytes." The enhancement of the
Raman signal is due to localised surface plasmon resonance
(LSPR) for substrates such as silver and gold, resulting in orders
of magnitude greater signal.* The key parameter is control of the
surface nanostructure to optimise this remarkable enhancement,
providing non-destructive detection without the need for chemical
labelling. The bottleneck for wide applicability of SERS as a
valuable analytical tool is twofold; (1) rapid fabrication with the
required nanostructure and (2) the difficulty to recover a baseline
before exposure or re-exposure to the target matrix. Here we
describe an atmospheric plasma jet method for rapid single-step
synthesis of SERS active silver on glass and demonstrate the
potential of plasma to remove the adsorbed analyte to recover a
baseline.
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measurements using the same SERS substrate.

Substrates for SERS may be fabricated using various methods
to enhance the Raman signal of molecules adsorbed on their
surfaces. One popular method for creating SERS substrates is the
deposition of pre-synthesised metal nanoparticles onto a solid
support, such as glass or tissue paper.”” These substrates are
quick to prepare, although require a synthetic step to produce the
nanoparticles. Electrodeposition of silver or gold has been shown
to create substrates for SERS on conducting substrates.®® Of
course, there are many other methods using sophisticated mate-
rials design to provide a very precise structured surface to
optimise the enhancement of the Raman spectra. These may
involve complex multistep synthesis but provide robust and
reproducible Raman spectra.

To optimise SERS substrates for analysis, several factors play a
crucial role. First, the choice of metal nanoparticle material is
important. Silver nanoparticles tend to exhibit more substantial
plasmonic effects and higher SERS enhancement and sensitivity
compared to gold nanoparticles.’® However, gold nanoparticles
offer better stability and reproducibility in some cases.'* The size
and shape of the nanoparticles also significantly impact SERS
performance. Nanoparticles with sharp corners and rough sur-
faces, such as star-shaped nanoparticles, have been found to
enhance electromagnetic fields, resulting in stronger SERS
signals."” Additionally, controlling the interparticle spacing
allows the formation of hot spots, which are regions of maximum
electromagnetic field enhancement between nanoparticles. This
can be achieved by adjusting the deposition process or using
spacer molecules.”® Finally, optimising the excitation laser
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wavelength to match the plasmonic resonance of the nano-
particles further enhances the SERS signal, as it maximises the
interaction between the laser light and the nanoparticles’ surface
plasmons.'* By carefully considering these factors, researchers
can tailor SERS substrates to achieve maximum signal enhance-
ment and sensitivity for precise molecular analysis.

The method described in this study employs an atmospheric
pressure plasma jet (APP]) for rapid single-step deposition of
nanostructured silver materials with SERS. Non thermal plasmas
under reduced pressure offer a unique redox chemistry, in part
due to the highly energised electrons and are essential for the
processing of many materials and chemical transformations.">'®
Plasma jets at atmospheric pressure are more accessible and have
been used for surface material modification,"”” medical
applications,'® etching,'® and deposition. Relevant to this work,
plasma metal deposition has been demonstrated using a variety of
precursors as a very efficient and attractive method due to the low
power requirement and rapidity.”** Hong et al. demonstrated
APPJ deposited gold nanoparticles on paper substrates and
demonstrated their applicability as SERS substrates.*® In this
study, we deposit nanoscale silver particles with high adherence
in a single step requiring no post processing. The advantage of this
synthetic method is twofold; firstly rapidity, it takes two to five
seconds to deposit a surface which has enhanced Raman
response, and secondly only rudimentary silver salts in aqueous
solution as precursors is required. The method requires low power
(<14 W) and a low stream of helium to sustain the plasma and
provide a suitably reducing atmosphere to deposit zero-valent
silver particles. Furthermore, earlier studies have shown that the
plasma jet can also be used to provide a pristine surface for analyte
adsorption for SERS analysis. Ratcliffe et al.>* showed that atmo-
spheric pressure plasma jets are effective to desorb analytes from a
surface for subsequent analysis by mass spectrometry, a technique
they called plasma-assisted desorption/ionisation (PADI). More
recently, Shvalya et al. showed that a SERS surface based on Au/
Pd/Cu,0O may be cleaned in a plasma chamber in under a
minute.”®> We demonstrate that exposure to an APP] may be used
to refresh the surface to restore the baseline and regenerate the
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surface after measurement. We discuss the use and potential
utility for an analytical device based on SERS measurement.

Experimental

The APP] deposited silver SERS substrates on unmodified
borosilicate glass was done as follows. A solution of 1 x 10™* M
silver nitrate (99.9%, Thermo Scientific, UK) in deionised water
(18 MQ, ELGA) was injected using a syringe pump (Harvard
Apparatus, UK) at a rate of 167 mL min ' into a nebuliser. The
nebuliser (Teledyne CETAC Technologies) atomised the solution
and carried through the nebuliser through a drying and cooling
chamber operating at 120 °C and 2 °C, respectively. The gas stream
containing the dry silver nitrate was then combined with helium
(99.9+%, BOC) 0.3 L min~" plasma gas and fed into an in-house
designed and built plasma jet assembly. Brooks mass flow con-
trollers controlled all flow rates.

The plasma was ignited at a stainless-steel needle electrode
tip positioned in a 440 pM LD. ceramic nozzle. The electrode
was driven by a 14 W radio frequency generator operating at
13.56 MHz. The driving signal was pulse width moderated at 18
kHz, with a 50% duty cycle and passed through a matching
network consisting of a variable inductor to equate the 50 Q
output impedance of the RF generator. The schematic of the
plasma and gas system is shown in Fig. 1(a). The plasma exited
the ceramic nozzle to form a stable plume extending 8-10 mm
beyond the tip orifice. A nitrogen sheath gas, 1.5 L min
surrounded the plume to reduce air entrainment and aid
plasma stability. The plasma jet chamber, shown in Fig. 1(b),
was mounted on a three-axis motion stage for accurate spatial
positioning. The deposition pattern was a consecutive spot
arrangement forming a 2D array, each spot was formed by
holding the nozzle 2 mm above the glass substrate for a
residence time of five seconds before moving 0.75 mm to the
next spot at a rate of 0.75 mm s '. No further treatment was

performed on the silver metal deposits, referred to as plasma
deposited silver (PDS) SERS surface.

(a) Schematic of atmospheric pressure plasma jet set up, showing the electronic control diagram (red arrows) and gas flow management in for

plasma gas helium and hydrogen plus nebulised solution (blue arrows) and nitrogen sheath gas control (green arrows). (b) Photograph of the plasma jet

impinging on a glass slide.
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Pre-synthesised spherical silver particles were deposited by
impaction using the plasma jet assembly as described above,
with the RF supply disconnected. Undiluted solution of the as
synthesised silver particles, based on the Turkevich” method,
was introduced into the CETAC nebuliser at a flow rate of
167 mL min~'. Using 0.3 L min~"' of helium through the jet
assembly the particles were physically impacted on the surface
for a residence time of four seconds to form silver islands. This
facilitated the deposition of silver particles in a reproducible
pattern on borosilicate glass slides and will be referred to as
pre-synthesised nanoparticles (PSNP).

The commercially available silver SERS substrates were
purchased from Ocean Insight (OI) (UK) and SERSitive (SS)
(S-Silver SERS Substrates, hydrophobic, Poland). The analytes,
4-mercaptobenzoic acid (4MBA) and rhodamine 6G (R6G)
(Thermo Scientific, UK), were dissolved in methanol (HPLC
grade, Super Gradient, Chem-Lab NV) to the required concen-
tration. A 9 mL aliquot of the methanol solution was spread on
the substrate, and the methanol was allowed to evaporate for at
least 1 min. The SERS analysis was performed at the centre of
the solution footprint after evaporation.

All Raman spectra were recorded with a Renishaw inVia
confocal Raman microscope with an argon-ion laser excitation
source (514.5 nm copper ion laser). The spectra were recorded at
ambient temperature between 100 cm™ ' to 3200 cm™ ' Raman
shift. All Raman measurements in this report used 10% of the
overall laser power, measured to be 0.32 mW, using a Si sensor
with an energy meter console (PM120VA and PM100D, respec-
tively, Thor Labs). All Raman spectra were baseline corrected in
R (Version 4.1.2 run in R Studio, https://www.rstudio.com) using
the ‘baseline’ package to minimise background fluorescence.*®
In replicating Raman spectra, a minimum of three spectra for
each substrate were recorded, and the average and standard
deviation for the selected peak was calculated and reported.

For surface analysis, high-resolution scanning electron
microscopy was used. Images were obtained with a JSM 6701
and 7600 field emission SEM (JEOL, Japan) at an accelerating
voltage of 10 kV. Non-conducting samples were coated with gold
to aid charge dissipation during imaging. Particle size analysis
from SEM images was carried out using ‘Image]’ software
version 1.53 k to estimate the particle size distribution of all
four SERS substrates.”” All optical microscopy of surfaces was
carried out using a Keyence optical microscope (VHX-7000,
Keyence Corporation, Japan) equipped with a Z20 (20-6000 x)
objective (Keyence Corporation, Japan).

Results and discussion

Silver deposits were ‘written’ precisely in a 2D regular pattern of
plasma deposited silver (PDS) on borosilicate glass for Raman
interrogation without any post treatment. The APP] ceramic
nozzle, 440 mm ID, prints silver islands of 125 £+ 25 mm
diameter with a height of approx. 370 nm, separated by
0.5 mm, as shown in Fig. 2(a)—(c). The residence time to print
for each island was five seconds, followed by moving on to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) APPJ 16 x 16 array of the silver-based islands printed on a
borosilicate glass slide using silver nitrate (1 x 10~* M), each spot takes 5
seconds to deposit. (b) Higher magnification optical image of single silver
deposition spot. (c) Height profile of a single silver deposit.

next island in one second. A similar pattern was deposited with
Turkevich synthesised silver particles using the nebuliser and
nozzle assembly with no plasma. Both these arrays of silver
based coatings were then interrogated using Raman spectro-
scopy. The adhesion of this PSD and PSNP method produced
very adherent coatings compared to SS and OI, as assessed
using the Scotch tape® test. See ESI for details.

The SERS response from both two in-house prepared sub-
strates and the as received commercial substrates were com-
pared. An aliquot of 4MBA dissolved in methanol was placed on
all four surfaces using the same procedure. 4AMBA was chosen
since it has a known strong response from SERS due to the
sulphur interaction with the silver metal. The Raman spectra
for 4AMBA as well as the background in the absence of an
analyte (pure methanol) are shown in Fig. 3. All four substrates
showed a SERS response for 4MBA, the most extensive SERS
enhancement is seen from the Turkevich colloid preparation,
followed by SERSitive then the OI sample, and finally our
plasma deposition procedure. Table 1 shows the average peak
height for 4MBA, the respective SERS enhancement factors at
four silver substrates and calculated standard errors.

The two most pronounced bands are 1078 and 1586 cm !,
assigned to vg, and v, aromatic ring vibrations, respectively.
Both of these intense bands are red-shifted in comparison to
their Raman peaks, frequency shifts can occur as a result of
molecule-metal charge transfer interactions.”® The band
(referred to as a shoulder) at 1710 cm ™', which appears very
weakly in all spectra, indicated the presence of non-dissociated
carboxylic acid groups (¥(C—O0). Our solution of 4MBA is
weakly alkaline, in acidic conditions of the solution, this
shoulder disappears.

As discussed above, SERS enhancement and relative peak
intensity are shown through major bands, 1586 cm ™" for 4MBA.

Mater. Adv,, 2023, 4, 3239-3245 | 3241
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Fig. 3 (a) Normal Raman spectra of 4-mercaptobenzoic acid (4MBA), 1 x

10~* mol dm~2 drop cast over PSNP deposited through plasma jet, with
the corresponding baseline-corrected background. (b) and (c) Normal Raman
spectra of 4MBA drop cast over commercial Ol and SERSitive substrates,
respectively, with the corresponding baseline-corrected background.
(d) Normal Raman spectra of 4MBA drop cast over APPJ from 100 uM silver
nitrate, with the corresponding baseline-corrected background.

Table 1 Average intensity (n = 4) of Raman peak for 4MBA (1 x 10~* mol dm~3)
at 1586 cm™* for the four silver substrates with the calculated enhancement
factors and standard error. Details of calculation of enhancement factor are
found in the ESI

SERS substrate

PSNP SERSitive Ocean insight PDS
Intensity/a.u. 53230 45542 30368 18541
Standard error of intensity 2500 5512 2185 863
Enhancement factor (x10°) 11.6 9.9 6.6 4.0

No bands correspond to vibrations of SH groups, which would
be present at 915 and 2580 cm ™", corresponding to (SH) and
V(SH), respectively. The non-appearance of these peaks con-
firms that all 4AMBA molecules contributing to the SERS signal
are covalently bonded to the Ag surface. The band present in
the three spectra at 1183 cm™ " is assigned to C-H bending.>®
It is well established that the EM effect is dependent upon
the microstructure of the substrate, thus, the surface morphol-
ogy of the silver deposit is key for the enhancement in Raman
signal.®® Scanning electron microscopy (SEM) showed the
nanostructure of the surface of all four SERS active substrates
used in this study, shown in Fig. 4. The SEM images in Fig. 4
show a spherical morphology for both PSNP and PDS substrates
(Fig. 4(a) and (d)), whereas a more globular shape and larger
particle diameter for the two commercial substrates (Fig. 4(f)).
On average, through analysis of SEM images, PSNP and PDS
particles are 42 £+ 12 nm, and 51 + 24 nm in size, respectively,
whereas the commercial substrates OI and SS are 242 + 58 nm
and 133 + 32 nm in size. It is assumed that these spherical
microstructures ultimately affect the plasmon excitation and,

3242 | Mater. Adv, 2023, 4, 3239-3245
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Fig. 4 Particle size distribution for PSNP (a), SERSitive (b), Ol (c) and PDS
(d) substrates and the corresponding SEM images at two magnifications of
the corresponding surfaces for the same four substrates e, f, g and h
respectively.

therefore, SERS signal intensity due to rounded particles’
ability to pack closer together on a surface, decreasing the
interparticle distance. It has been suggested that a larger, closer
packed metallic nanostructure will result in better SERS
enhancement.®' Our results are broadly consistent with these
findings, however, the interparticle distance was not deter-
mined, and therefore cannot draw complete conclusions. Both
the particle size and size distribution will contribute to the
overall SERS signal intensity seen in Fig. 3.

The 4MBA concentration dependence of the SERS response
at the PSNP deposit was investigated using the 1586 cm ™" peak
height as a function of concentration. A quantifiable signal was
measured over a wide concentration range from 1 x 107" M to 1 x
10~% M, as shown in Fig. 5. The response to the same concen-
tration range for the other substrates can be found in the ESIT Fig.
S2. The log plot of concentration in methanol solution used to
deposit on the substrate versus peak height at 1586 cm™" is shown
in Fig. 5(b). A linear dependence is observed between 1 x 10> M
and 1 x 10~* M. The limit of detection was calculated based on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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three times the standard deviation of the lowest concentration
detectible was 1 x 10~° M, which equates to 154 ppb.

To exploit the high sensitivity of SERS based analysis of gas
phase volatile molecules, it is useful to be able to recover a
baseline ‘zero’ response. As the SERS response relies on the
nature of strength of absorption (physi or chemisoption) on to
the surface, to recover the baseline any analyte molecules need
to be removed. Often this is circumvented by a one-off measure-
ment on a disposable surface. However, it has been shown that
plasma can desorb small molecules off the surface without
damaging the surface.’® Using the same APPJ system described
for the deposition of silver metal, using helium plasma doped
with 4% oxygen followed by a separate treatment of helium
doped with 4% hydrogen, was found effective to restore the zero
baseline Raman response. After the cleaning steps, as shown in
Fig. 6(a) and (b) for both 4MBA and R6G, respectively, and the
recovery of zero baseline, Fig. 6(c), the surface was able to
regenerate an enhanced Raman response. After successive cycles
of application of analyte and then oxygen and hydrogen treat-
ment, there is a slight drop in the SERS signal. Silver readily
oxidises to form silver oxide after exposure to helium plasma
doped with oxygen, as confirmed using XRD Fig. 6(d) and XPS in
ESIT Fig. S3. This plasma oxidation causes a change in the
microstructure of the particles, ultimately sintering together with
successive oxidation cycles. After four cycles, there is a slight
deterioration of approximately 17.8% and 12.1% for 4MBA and
R6G, respectively.

Conclusions

In this study, the utility of APPJ is demonstrated for the
preparation of a silver-based SERS substrate and for the regen-
eration of zero baseline for analytical applications. The Raman

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

enhancement of APPJ substrates compares well with two com-
mercially available silver based SERS substrates and an in
house prepared pre-synthesised silver nanoparticle by physical
deposition. Plasma prepared substrates show significant gains
with respect to the economical use of materials and the rapidity
for the synthesis of the substrates. Using rudimentary silver salt
in an aqueous solution feeding into a plasma jet chamber
where the reduction to zero valent metal and physical impac-
tion on a surface. There are no chemical synthetic steps for the
preparation of the metal ink as described in Dey et al.** The
only consumables for the deposition process are silver nitrate,
water, helium, and a small amount of hydrogen. Neglecting
setting up time, an array of 16 x 16 silver islands on a 2D
substrate takes 1536 seconds to prepare with an estimated cost
of 46 pence for consumables only, see ESI} for cost comparison.
The cost of depositing a single silver SERS island is 0.15 pence,
excluding the cost of the glass slide.

The ability to ‘write’ isolated islands of silver on a surface
opens the possibility to carry out multi-analyte analysis on a
single substrate, using PDS or PSNP deposition. The Raman
laser footprint used for analysis is approximately 13 mm, there-
fore, a spot size of 150 mm is more than enough to carry out
reliable averaged SERS at different points on a single spot. The
majority of commercial substrates are ‘one-use’, but have a large
surface area, which leaves a vast amount of surface unused, and
now useless as to the single use nature of the substrate.

The regeneration of the zero baseline to enable replicate
measurement on the same substrate opens the prospect of
continuous plug flow type analysis of VOCs. The repeated
exposure to oxygen followed by hydrogen doped helium plasma
had the effect of removing any Raman signal of analyte on the
surface, as demonstrated using model SERS analytes 4MBA and
R6G. When reapplying the analyte, the SERS response was
recovered. After four replicate measurements cycles, the SERS

Mater. Adv., 2023, 4, 3239-3245 | 3243
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Fig. 6 (a) Raman spectra of R6G with most prominent peak measured at 1651 cm™* after oxygen and hydrogen treatment with the black lines showing
the Raman spectra of the surface before application of analyte. (b) The peak intensity at 1586 cm™* peak for 4MBA for each measurement cycle with the
analyte and before analyte application (after oxygen and hydrogen treatment) (c) depicting the cleaning and regeneration of SERS signal on a borosilicate
substrate. Both 4MBA and R6G were dissolved in methanol at 1 x 107*M and drop cast onto the substrate. (d) Normal X-ray diffraction spectra of PDS
between 5-80° 20 for the original plasma deposit (i), oxidised plasma clean (ii) and hydrogen plasma clean (iii). All assignment was carried out using the
Bruker XRD database, using JCPDS 04-0783 and 43-0997 for Ag and Ag,O, respectively.

response showed a reduction, this reduction is expected to
continue steadily before plateauing.

In summary, we showcase the use of the atmospheric
pressure plasma jet method for synthesis and baseline recovery
as an integral part of an analytical device. This approach
presents the prospect of reusing the same SERS device for
analysis may be a key advantage for some applications.
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