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A B S T R A C T   

We employed the so-called hydrogen-assisted spark generation method to produce silver nano-
particles by means of a repetitive spark discharge in a flowing gas atmosphere. Different com-
positions of H2–Ar mixtures were used as carrier gas to systematically investigate the effect of the 
hydrogen content on the signal enhancement obtainable with silver nanoparticles in Raman 
spectroscopic measurements. To this end, the particles were collected on filters and used as SERS 
substrates without further preparation. It was shown that a ca. 50-fold signal-increase can be 
achieved by adding at least 30% H2 to the Ar gas. The potential causes of the enhancement were 
also investigated, and they were associated partly with more pronounced aggregation on the filter 
and partly with the increased resilience of the silver particles against surface oxidation. The latter 
effect was supported by control experiments with non-oxidizable gold nanoparticles, which did 
not exhibit considerable enhancement-variation regardless of the hydrogen content.   

1. Introduction 

Spark ablation has been proven to be a convenient, versatile, and scalable method for the generation of non-insulating nano-
particles (NPs) in the gas phase (Schmidt-Ott, 2020). Since spark discharge nanoparticle generators (SDGs) are based on the periodic 
ablation of a pair of electrodes in a regulated gaseous environment, the purity of the produced particles can strictly be controlled. 
Hence, due to the absence of various solvents and reagents, exceptionally pure NPs can form (Lehtinen, Backman, Jokiniemi, & 
Kulmala, 2004). Even though, both bulk electrode materials and carrier gases are available in high purity form, the introduction of a 
trace amount of oxygen to the system is inevitable (Seipenbusch, Weber, Schiel, & Kasper, 2003). Depending on the reactivity of the 
electrode material this can lead to oxide formation, which is undesirable in some applications. In most physical vapor deposition 
processes, oxygen is removed from the synthesis volume via maintaining ultra-high vacuum (Llamosa et al., 2014), which is obviously 
not viable during spark ablation, which takes place at atmospheric pressure in a flowing gas. Inhibiting the oxidation in an SDG is 
feasible via employing rigorous gas purification, outgassing, and sample treatment steps as demonstrated by Vons et al. during the 
production of unoxidized magnesium and silicon NPs (Vons, Anastasopol, et al., 2011; Vons, De Smet et al., 2011). This approach, 
however, makes the process highly complicated and hence cannot realistically be employed for general purposes on a regular basis. To 
overcome the issue of oxidation, Hallberg et al. have proposed the addition of hydrogen to the carrier gas, acting as a reducing agent 
during the particle formation process (Hallberg et al., 2018). They have demonstrated that as small as five volumetric percent of 
hydrogen in the carrier gas not only facilitates the more complete compaction of NP aggregates (Olszok, Bierwirth, & Weber, 2021; 
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Seipenbusch et al., 2003), but significantly reduces the formation of oxide primary particles in case of non-noble metals as well. Thus, 
as it was further shown by the same research group, the addition of hydrogen to the carrier gas during particle generation is an 
appealingly simple approach to control the oxidation and self-passivation of aerosol NPs (Preger et al., 2019). In addition to increasing 
the resistance to oxidation of the generated particles during ambient storage (Snellman, Eom, Ek, Messing, & Deppert, 2021), the 
presence of hydrogen seems to have an important role in the formation of multielement, crystalline alloys of unconventional 
material-combinations as well (Feng et al., 2020). Even though, the significance of a hydrogen-containing carrier gas has been 
emphasized mostly in the context of aerosol-based synthesis of non-noble metals so far, in certain contexts, it can also be relevant for 
metals less prone to oxidation. A prominent example is the electrical field enhancement experienced in the vicinity of nanostructures or 
nanostructured surfaces due to the effect of localized surface plasmons (Willets & Van Duyne, 2007) exploited, for instance, in 
surface-enhanced Raman spectroscopy (SERS) (Langer et al., 2019). The conditions for resonant excitation of surface plasmons, and 
hence for maximum signal enhancement, can be achieved by employing certain materials, all of which gold and silver are the most 
widely used (Pilot et al., 2019). Silver is of particular interest in many applications due to its remarkable enhancement, however, it is 
known to form a thin surface oxide layer, which has a considerable effect on its performance (Pilot et al., 2019). This might even be 
more important in silver-based SERS substrate fabrication methods employing aerosol routes in the absence of protective and stabi-
lizing agents. A premier example to such aerosol approach is spark ablation, which was shown to have great potential in the fabrication 
of SERS substrates from various materials, including Au, Ag, Cu and their alloys on various substrate types, such as silicon wafer, 
microfiber filters, optical fibers, or even dye films (El-Aal, Seto, Kumita, Abdelaziz, & Otani, 2018, 2020; El-Aal & Seto, 2021; Ivanov 
et al., 2022; Kohut et al., 2020; Kohut, Horváth, et al., 2021). In the present study, we employed hydrogen-assisted spark generation to 
synthesize silver NPs and deposited them onto PVDF (polyvinylidene fluoride) filters directly from the aerosol phase. The silver-loaded 
filters were employed as SERS-substrates for measuring the Raman signal of a test analyte. The signal-enhancement achieved by the 
fabricated substrates was investigated as a function of the hydrogen content of the carrier gas. After considering and investigating 
potential concomitant effects on the measured Raman intensity, it can be concluded that the presence of hydrogen at spark-generation 
of silver NPs has a considerable beneficial effect on their SERS-performance. 

2. Material and methods 

The experimental setup used in the present study was previously described in detail (Kohut et al., 2020; Kohut, Villy, et al., 2021), 
therefore here we only give a brief overview of the most important aspects. NP generation was carried out by using a custom-made SDG 
employing a monolithic, high voltage 8 nF capacitor (50PM980, General Atomics Inc) and a high voltage capacitor charger power 
supply (HCK 800–12500, FuG GmbH). The total inductance and resistance of the discharge circuit is ca. 1 μH and 1 Ω, respectively. The 
sparking was maintained inside a gas-tight stainless-steel chamber between a pair of cylindrical, 3 mm diameter electrodes, with a 2.0 
mm interelectrode distance. Ag (99.9% purity, Goodfellow Cambridge Ltd) and Au (99.9% purity, Goodfellow Cambridge Ltd) were 
used as electrode materials. The spark repetition rate was kept constant at 100 Hz in all experiments. Different mixtures of argon 
(99.996% purity, Messer Hungarogáz Kft.) and hydrogen (99.999% purity, Messer Hungarogáz Kft.) was employed as carrier gas, 
entering the chamber from below via an upward pointing inlet tube of 3 mm inner diameter, 5 mm away from the electrodes’ common 
axis (in a so-called upward pointing “cross-flow” geometry). The total gas flow rate was kept at 5.0 L/min, controlled by two separate 
mass flow controllers for Ar and H2 (GFC16 and GFC15, respectively, Aalborg Inc.). All experiments were carried out at 1100 mbar 
pressure. Heat treatment of the as-formed NP aggregates was carried out by passing the aerosol leaving the SDG chamber through a 
tube furnace (EHA 12/300B, Carbolite Gero GmbH.) set to a constant temperature of 800 ◦C. The residence time inside the furnace is 
estimated to be ca. 12 s. The generated particles were collected on PVDF filters (HVLP04700, Merck KGaA, 47 mm diameter) by using a 
stainless-steel filter house (XX4404700, Millipore Corp.). In most of the experiments the deposition time was kept constant at 10 min, 
unless stated otherwise in the text. 

The total concentration of the generated NPs was measured – after dilution of the aerosol – by using a condensation particle counter 
(Model 3756, TSI Inc.). Morphology of the NPs was investigated by transmission electron microscopy (Tecnai G2 20 X-TWIN HR-TEM, 
Thermo Fisher Scientific Inc.), after sampling on TEM grids (Lacey Carbon Films on 200 Mesh Copper Grids, Agar Scientific Ltd.) by 
means of a low-pressure inertial impactor. Extinction spectra of the NP-loaded filters were measured by using a modified optical 
microscope (Labophot-2, Nikon Corp.) in transmission mode equipped with an off-axis parabolic mirror (RC12SMA-P01, Thorlabs Inc.) 
for light collection and a compact spectrometer (AvaSpec-ULS3648, Avantes BV) for spectral analysis. Filters without nanostructure 
were used to acquire reference spectra. SERS performance of the NP-loaded filters was assessed without further treatment by 
measuring the Raman spectrum of Rhodamine 6G (R6G, Fluka AG) solution in ethanol, dripped and dried onto the filter in ambient air. 
Rhodamine 6G concentrations of 1 mM and 100 mM were used in measurements with and without NPs, respectively. Raman spectra 
were obtained by using a Raman microscope (DXR, Thermo Fisher Scientific Inc.) at an excitation wavelength of 780 nm. 

3. Results and discussion 

In order to investigate the potential effects of a hydrogen-containing carrier gas on the SERS performance of spark-generated Ag 
NPs, the produced particles were collected on PVDF filters, which were employed as SERS substrates without any pre- or post- 
treatment. The application of filters facilitated a well-controlled, constant sampling of the generated particles, without introducing 
additional variables related to substrate fabrication. It is important to note, however, that the present study does not aim for achieving 
the highest enhancement factors or lowest limit of detections possible, therefore the substrates were not optimized in this sense. 
Nevertheless, the obtained enhancement factors were sufficient at every experimental condition to facilitate a systematic assessment of 
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the variations associated with the addition of hydrogen to the carrier gas of the SDG. As it is shown in Fig. 1A, the effect of hydrogen on 
the intensity of the analyte’s Raman spectrum is evident. The Ag NPs generated in a pure Ar environment resulted in a ca. 100-times 
signal increase as compared to the reference spectrum obtained without NPs on the filter, which then further increases by about an 
order of magnitude when the carrier gas flow contains 5% hydrogen. To interpret these results, further properties of spark-ablation 
must be taken into account. First of all, the variation of the discharge voltage has to be considered, associated with the higher 
breakdown voltage of hydrogen as compared to argon (Christophorou, Olthoff, & Green, 1997). By introducing 5% hydrogen to the 
carrier gas, the discharge voltage increases by ca. 20% (from 2.50 ± 0.01 kV to 2.99 ± 0.02 kV) resulting in about 44% more energy 
stored in the capacitor of the SDG, which is fed into the spark gap. It should be noted that the relation between the energy stored in the 
capacitor and the actual spark energy is rather nontrivial, nevertheless it is broadly accepted that it affects the primary particle size 
(Feng et al., 2016) and the total concentration of the generated particles as well (Tabrizi, Ullmann, Vons, Lafont, & Schmidt-Ott, 2009). 
As can be seen in Fig. 1C and D, there is only a slight increase in the modal diameter of the generated particles. The modus increases 
from 7.2 nm to 7.6 nm, when 5% of hydrogen is added to the carrier gas. Such a minor difference is not expected to have an as major 
impact on the enhancement factor, as seen in Fig. 1A. By looking at the variation of the total concentration of the generated particles, a 
somewhat higher, ca. 10% increase can be observed. Due to the constant sampling time, this means that the particle loading in the filter 
also increases. As shown in Fig. 1B, a considerably higher peak extinction is associated to the hydrogen-containing scenario with a 
negligible shift in its position. Such a great variation in the extinction spectrum cannot be solely explained by the higher particle 
loading, as shown by the reference curve (dashed black curve) included in Fig. 1B. This curve represents a case when no hydrogen was 
present, but the particle loading of the filter was increased by 10% via using 10% longer collection time. Fig. 1B suggests that the 
presence of hydrogen has further effects on the generated Ag NPs in addition to the increased particle loading. 

In order to further investigate the effect of hydrogen in the carrier gas on the SERS performance of the spark-generated Ag NPs, we 
fabricated filter-based substrates at systematically increasing H2 content and measured the corresponding enhancement factors. The EF 
was calculated by using the well-known formula (Yu & White, 2012): 

EF =
ISERS

IRaman

NRaman

NSERS  

where ISERS and IRaman represent the intensity of a selected line (here the one at 1506 cm-1) with and without the presence of nano-
particles, respectively. While NSERS and NRaman denote the number of analyte molecules excited in the corresponding cases. Due to the 
structure of the filters used as support for the particles, we assumed that the number of analyte molecules in the excited area is 
proportional to the concentration of the analyte in solution, therefore the number ratio can be replaced by the concentration ratio in 
the above formula. 

The variation of the EF as a function of the H2 content in the carrier gas is shown in Fig. 2A. It can be seen that the EF increases quasi 
linearly with increasing hydrogen content up to 30%, when reaches a plateau. At this plateau, the EF is ca. 50-times higher than that is 
in pure argon, which is a considerable increase, associated with the application of hydrogen in the carrier gas. 

As it was previously pointed out, the presence of hydrogen in the SDG chamber has an effect on the spark energy. As shown in 

Fig. 1. The Raman spectrum of the analyte measured on a reference filter without nanoparticles, and on Ag-loaded filters with and without adding 
H2 to the Ar carrier gas (A). The extinction spectra of the Ag-loaded filters at different H2 contents (B). TEM micrograph of the generated Ag NPs 
with the corresponding size distribution at 0% (C) and 5% (D) H2 content in the carrier gas. 
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Fig. 2C, the discharge voltage monotonously increases with increasing hydrogen content, which in turn increases the total number 
concentration of the generated NPs. A slight shift in the modus of the particle size distribution can also be observed in Fig. 2B (from 7.6 
nm to 8.4 nm when increasing the H2 content from 5% to 50%), but it is much less pronounced than that of the concentration-increase. 
Due to the increasing total concentration and the fixed collection time, the particle loading in the filters also increases, which gives rise 
to aggregation leading to the formation of so-called hot spots, which are known to have much more significant contribution to the total 
field enhancement than that of the separate NPs (Mosier-Boss, 2017). The appearance of a broad spectral feature around 500–550 nm 
in the extinction spectra of the NP-loaded filters, shown in Fig. 2D, is a sign of aggregation, hence supports the above idea. 

As an attempt to decouple the effect of increased particle loading and hence the aggregate formation from the effect of the presence 
of hydrogen, Ag NPs were generated in pure Ar and collected on filters with increasing collection times. These periods were adjusted by 
using the total concentration values shown in Fig. 2C to achieve similar particle loadings as obtained during the application of H2. The 

Fig. 2. Variation of the enhancement factor of Ag NP-loaded filters used as SERS substrates fabricated at varying H2 content of the carrier gas (A). 
Size distribution of Ag NPs produced at 50% H2 content (B). Variation of the discharge voltage and the total particle concentration as a function of 
the H2 content of the carrier gas (C). Extinction spectra of Ag NP-loaded filters, generated at varying H2 content (D). 

Fig. 3. Enhancement factor of silver (columns) and gold (empty circles) NPs as a function of the hydrogen content of the carrier gas (bottom 
horizontal axis). Enhancement factor of silver NPs (empty squares) produced in pure Ar as a function of deposition time (top horizontal axis). The 
points are connected to guide the eyes only. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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SERS activity of these substrates were tested and compared to the filters loaded with Ag NPs prepared under H2-containing atmo-
sphere. The enhancement factors obtained for both set of measurements are plotted together in Fig. 3. It can be seen that the EF indeed 
increases with increasing deposition time – just as expected considering the effect of aggregation – but with a smaller extent than that is 
associated with the application of hydrogen. This proves that a hydrogen-containing carrier gas does have a beneficial effect on the 
enhancement factor of Ag NPs produced in the SDG. It should also be noted that the extinction spectra shown in Fig. 2D indicate that 
the level of aggregation does not vary significantly above ca. 10% H2 content. However, the EF still increases considerably (by a factor 
of ca. 3), when the hydrogen content is increased further from 10 to 30%. This also indicates the beneficial effect of hydrogen on the 
SERS performance of silver nanoparticles beyond the improved aggregation. 

Even though silver is generally considered to be a precious metal and it is less prone to oxidation, it has a tendency to form a surface 
oxide layer. This has a well-known deteriorating effect on the activity of silver-based SERS substrates (Pilot et al., 2019). Han et al. 
attempted to quantify this effect and obtained a steeply dropping EF as a function of the thickness of the Ag2O layer on the particle 
surface, indicating a ca. three orders of magnitude decrease at sub-monolayer thicknesses (Han et al., 2011). This points out that even a 
slight variation of the oxide layer thickness can have a substantial effect on the SERS signal. Silver oxide, however, is known to 
thermally decompose to silver and oxygen at temperatures above ca. 400 C◦ (Waterhouse, Bowmaker, & Metson, 2001), which is below 
the compaction temperature used in the present study. Therefore, it can be assumed that, even without hydrogen, the compacted, 
spherical particles obtained after the tube furnace are pure silver and oxidation can occur later during deposition and ambient handling 
and storage. As it was shown by Matikainen et al., oxygen content of silver nanoparticles quickly builds up under ambient conditions 
resulting in a ca. one order of magnitude drop of the SERS intensity in less than 24 h (Matikainen et al., 2016). Our observations 
indicate that the presence of hydrogen in the SDG during particle generation and compaction helps – at least partially – reducing the 
thickness of the oxide layer forming on the surface of the Ag NPs collected on the filters. Such a “protective” effect of the hydrogen is in 
line with the observations of other authors reporting prolonged resilience of other metal nanoparticles to oxidation during ambient 
storage (Feng et al., 2020; Snellman et al., 2021). To provide further evidence that the increase in SERS signal intensity observed 
during the application of H2 is related to oxidation, gold NPs were fabricated as a non-oxidizable reference material. The Au NPs were 
produced at varying the hydrogen-content of the carrier gas and collected on filters. For keeping the particle loading on the filters 
similar to that of the Ag NPs, the deposition time was adjusted according to the total concentration. As can be seen in Fig. 3 there is no 
systematic variation in the EF, irrespectively from the H2 content. The EF scatters around the ca. 1000 value both at 0% and 50% 
hydrogen, showing that the presence of hydrogen doesn’t affect the SERS performance of the NP-loaded filters when a non-oxidizable 
material is used. This result also points to the oxidation of the Ag NPs as the main effect, which is being reduced by applying H2 in the 
carrier gas. 

4. Conclusions 

We have employed the so-called hydrogen-assisted spark generation method to produce silver nanoparticles in the gas phase while 
systematically varying the hydrogen content of the Ar–H2 carrier gas. After collecting the generated particles on PVDF filters, surface- 
enhanced Raman spectroscopic measurements were carried out on an analyte dripped and dried on the surface of the filters. The effect 
of the hydrogen content of the carrier gas on the Raman signal enhancement was assessed. Using 30% or more H2 resulted in a ca. 50- 
times increase in the enhancement factor exhibited by the Ag nanoparticle-loaded filters. It was shown that a part of this enhancement 
(ca. 10-fold) is due to the increased particle concentration, which causes more pronounced aggregation and hence hot-spot formation 
for more effective electric field enhancement. On the top of this effect, the presence of hydrogen causes an additional 5-fold signal 
increase, which is most probably associated with the reduction of the surface oxide layer tend to form on silver particles during and 
after deposition. This explanation was strengthened by results obtained with non-oxidizable gold nanoparticles, which did not cause 
considerable Raman signal variation regardless of the hydrogen content. Our findings help emphasizing the benefits of the hydrogen- 
assisted spark generation method even in cases where complete oxidation is not necessarily an issue, but surface-dependent appli-
cations of the produced particles are aimed. 
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