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Abstract

:

In this work, we have, for the first time, experimentally verified the hypothesis of reducing the agglomeration rate of aerosol nanoparticles produced by spark discharge upon decreasing the carrier gas temperature in the range of 24 °C to –183 °C. The synthesis of nanoparticles was implemented as a result of spark ablation of electrodes manufactured from Au with a purity of 99.998% installed in a specially designed gas chamber dipped into liquid nitrogen (−196 °C) to cool down the carrier gas supplied through one of hollow electrodes. It follows from the analysis of transmission electron microscopy images that both the average size of primary nanoparticles and the degree of their sintering become lower if the gas is cooled. For example, in the case of using nitrogen as a carrier gas, the average size of primary nanoparticles decreases from 9.4 nm to 6.6 nm as the gas temperature decreases from 24 °C to –183 °C. This also causes the aggregates to become more branched, manifested by the reduction in their solidity from 92% to 76%. The agglomeration model of Feng based on Smoluchowski theory was employed to calculate particle size distributions that were found to be consistent with the experimental data. The gold nanoparticles synthesized at room and cryogenic temperatures of the carrier gas (N₂, Ar + H₂, He) were used to pattern plasmonic nanostructures on ceramic alumina substrates by using aerosol jet printing technology for the purpose of demonstrating the possibility of their application in surface-enhanced Raman spectroscopy (SERS). The SERS enhancement factor was estimated at 2 × 106 from the analysis of SERS and normal Raman spectra of 1,2-bis(4-pyridyl)ethylene used as an analyte.
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1. Introduction


The generation of nanoparticles using the electrical erosion of electrodes in gas is a relatively facile, scalable, and material-universal synthesis method [1,2]. This method is widely used to obtain aerosol nanoparticles and mix them [3,4] with further application in spectroscopy [5,6], printed electronics [7,8], and functional coating [9]. The features of this method are the chemical purity and the small size of the synthesized nanoparticles (less than 10 nm), and clusters containing up to tens of atoms [10]. However, after generation, the primary nanoparticles inevitably rapidly agglomerate, which can be a limiting factor for many applications. This paper challenges this paradigm by providing experimental evidence that agglomeration can be controlled by controlling the temperature of the carrier gas. Thus, it is possible to limit the cooling rate and Brownian motion of the nanoparticles, and synthesize either aggregates or agglomerates [11]. The nanoparticles tend to aggregate and agglomerate, due to the attraction between nanoparticles such as van der Waals forces and chemical bonds [12]. Both aggregation and agglomeration are assemblies of nanoparticles, where aggregation includes strong and dense colonies of particles, but agglomeration comprises loosely combined particles that can be disrupted by mechanical forces [13]. Aggregates or agglomerates of nanoparticles are known to be preferred in applications such as catalysts [14,15,16] or sensors [17,18,19,20] because they have a large surface area. However, such particles are unsuitable for use as building blocks of conductive structures because they cause various problems such as low packing density and low electrical conductivity.



Many researchers have developed methods for reducing agglomeration [21,22]. Tabrizi et al. investigated the agglomeration of nanoparticles by varying the energy per spark, flow rate, and type of carrier gas [23]. Han et al. presented an asymmetric pin-plate electrode geometry that provides much faster particle transfer from the spark discharge zone [24]. Changing conditions, such as further thermal or laser sintering, can also lead to a reduction in agglomerates and the formation of larger and single nanoparticles [25,26]. It was shown in [27] that agglomeration can be reduced by unipolar charging of nanoparticles, for example, using a corona charger. However, this method can be a limiting factor for the scalability of the spark discharge method.



For the first time, this article reports an experimental study of the influence of carrier gas temperature on the reduction in agglomeration of Au nanoparticles synthesized using a spark discharge. A sealed gas-discharge chamber capable of operating in liquid nitrogen was developed specifically for these experiments. The size and morphology of primary nanoparticles and their agglomerates were studied using transmission electron microscopy. In this study, a theoretical approach was also applied to predict the particle size distribution as a function of gas temperature. To this end, the model of Feng et al. [28] for primary nanoparticles and classical agglomeration theory were combined with a lognormal self-conserving size distribution function. In addition, the formation of plasmonic nanostructures from aggregates and agglomerates synthesized by varying the temperature and type of carrier gas was performed. The obtained structures from Au nanoparticles were investigated for applications in Raman spectroscopy with surface enhancement. This direction is promising for the rapid production of economical and chemically pure nanostructures for Raman spectroscopy [18,29].




2. Materials and Methods


2.1. Synthesis of Nanoparticles in a Spark Gas Discharge


Figure 1 shows a setup for the synthesis of gold nanoparticles in a cooled gas atmosphere. The setup was a hermetically sealed gas-discharge chamber located inside a 10 L plastic thermobox filled with liquid nitrogen (Tb = –196 °C). Details on the design and electrical circuit of the gas-discharge chamber have been described earlier [30,31]. The carrier gas was supplied to the synthesis chamber through a cooled coil placed in liquid nitrogen. Three types of gases (N₂, Ar + H₂, and He) were used in the study for the synthesis of nanoparticles in a spark discharge. The carrier gas temperature Tgas was measured at the chamber outlet using a k-type thermocouple (MT1/T-K/3.0–250, FuehlerSystems, Germany). At the same time, the gas temperature was controlled by changing the level of liquid nitrogen poured into the thermobox in the range of 24 °C to −183 °C. Because the chamber had a tube outlet above the liquid nitrogen surface (see Figure 1), the minimum gas temperature (−183 °C) was just above the boiling point of nitrogen (−196 °C).



In turn, the synthesis of nanoparticles was carried out in the process of electrical erosion between gold electrodes with a mass fraction of Au of about 99.9981%, with a gap distance of 0.5 mm. In order to limit the agglomeration of particles, the values of the energy and repetition rate of the discharges were chosen to be minimal and amounted to 7 mJ and 10 Hz. Discharge voltage waveforms were monitored using a digital oscilloscope (DS6102, Rigol Technologies, Beijing, China). The space between the electrodes was constantly blown with a "cold" carrier gas at a flow rate of 1–10 L/min, which removed the erosion products of the electrodes from the gap.




2.2. Study of the Size and Morphology of Primary Nanoparticles and Their Agglomerates


The morphology and size of the synthesized nanoparticles depending on the temperature of the Tgas carrier gas were studied using a transmission electron microscope (TEM) (JEM-2100, JEOL Ltd., Tokyo, Japan). It should be noted that the TEM method makes it possible to estimate both the size of primary nanoparticles and their agglomerates, and the uncertainty of the image analysis method does not exceed 5%.



The average size of the particles was determined based on TEM image analysis using a sample of 300–400 particles. Despite the non-spherical or uniform shape of the nanoparticles, the sizes of the nanoparticles were characterized by a certain equivalent diameter. The measurements were carried out by estimating the area of each particle S. The average diameter of dp,a nanoparticles was determined using Formula (1):


   d  p , a   = 2    S π     



(1)







For comparison with the experiment, the theoretical calculation of the size of primary particles dp and agglomerates da was carried out using the Feng model [28] using Formula (2):


   d p  ≈       Δ m K V   ρ  π 3   Q 2         1 3     



(2)




where Δm—the mass production of nanoparticle synthesis;



K—the coagulation coefficient;



V—the effective volume near the electrode in which the formation of primary particles occurs/the effective volume of the gas path, including the volume of the chamber;



 ρ —the electrode material density;



Q—the volume flow of gas.



The coagulation coefficient K, which is responsible for agglomeration, was estimated using Formula (3):


  K =   4 k  T  gas    C c    3 η      



(3)




where k—the Boltzmann constant;



Tgas—the gas temperature;



Cc—slip coefficient;



η—the dynamic viscosity of the gas.



Calculation of solidity of agglomerates was carried out according to the Formula (4):


  φ =   ∑  S i     S 0     



(4)




where ∑Si—the total area of particles in the agglomerate;



S0—the area of the entire agglomerate.



This parameter makes it possible to more accurately describe the resulting agglomerates, since their size depends not only on the number and size of colliding particles, but also on the density of their placement. The particles are expected to cool faster in the cold gas, resulting in less coalescence and a more branched agglomerate structure.



Another important parameter for characterizing agglomerates is the relative bond strength of nanoparticles in the agglomerate χ. It is known that the bond strength depends linearly on the fusion area, since the number of bonded atoms increases linearly. A visual representation of particles with different values of the relative bond strength is shown in Figure 2. The relative bond strength between nanoparticles synthesized at different temperatures was calculated using the following Formula (5):


  χ =    S  contact      S  particle     =        d c     d p       2   



(5)




where Scontact—the area of contact between particles;



Sparticle—cross-sectional area of the particle.



Thus, the value of χ was determined as the square of the ratio of the channel width dc between particles to their average diameter dp.
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Figure 2. Image of particles with different values of relative bond strength. 






Figure 2. Image of particles with different values of relative bond strength.
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2.3. Mass Production Rate of Nanoparticle Synthesis


The mass production rate of nanoparticle synthesis was evaluated using the gravimetric method by changing the mass of the electrodes using analytical scales (Secura 225D-1ORU, Sartorius Inc., Göttingen, Germany). In addition, using the Llewellyn Jones Equation (6), the mass production rate of nanoparticle synthesis was theoretically estimated to determine the effect of gas temperature Tgas on the efficiency of electrode evaporation [32]. Thus, the mass of the evaporating material for one discharge m was calculated using the formula:


  m =   0.5  c e   V 2  − b  T  gas     4  − g k    T b  −  T  gas        c  ps      T m  −  T  gas     + Δ  H f  +  c  pl      T b  −  T m    + Δ  H v     



(6)




where 0.5ceV2—the energy of a single discharge (ce = 38 nF, V = 600 V);



bTgas4—energy losses due to thermal radiation of the hot electrode area (b = 2.7 × 10−20 J/K4, Tgas = 90 K (–183 °C));



gk(Tb – Tgas) —energy losses for heat transfer from the hot area of the electrode (g = 6.9 × 10−9 m∙s, k = 5.67 × 10−8 W/(m2∙K4), Tb = 3129 K (2856 °C));



cps(Tm – Tgas) and cpl(Tb – Tm)—the specific energy for heating to the melting and boiling points, respectively (cps = 129 J/(kg∙K), Tm = 1337 K (1064 °C), cpl = 129 J/(kg∙K));



ΔHf, ΔHv—specific heat of melting and vaporization, respectively (ΔHf = 63.7 × 103 J/kg, ΔHv = 16.5 × 105 J/kg).



Thus, multiplying the calculated mass m by the discharge repetition frequency f, it is possible to obtain the mass production rate of nanoparticle synthesis Δm (mg/h), which, in turn, affects the agglomeration of nanoparticles.




2.4. Aerosol Printing and Measurements of SERS Structures


In order to determine the effect of the carrier gas type and its temperature Tgas on the functional properties of nanoparticles, gold nanostructures were printed from nanoparticles obtained in argon, nitrogen, and helium at temperatures of 24 °C and −183 °C, followed by study on a Raman spectrometer. The formation of structures from Au nanoparticles in the form of 3 mm × 3 mm square pads on a ceramic substrate made of aluminum oxide was carried out using the method of “dry” aerosol printing [33,34]. Details about this method are described in previous works [35,36,37,38]. Table 1 shows the main parameters for printing surface-enhanced Raman spectroscopy (SERS) structures from Au nanoparticles obtained in various gaseous media (N₂, Ar + H₂ and He) at temperatures of 24 °C and −183 °C, respectively.



The formed SERS structures were thin layers of nanoparticles 100–500 nm thick. The deposition of nanoparticles was carried out through a coaxial micronozzle with an outlet diameter of 300 μm. Aerosol nanoparticles collided with the substrate at high speed (>100 m/s) and attached to its surface. The width of the nanoparticle beam was controlled by the flow rates Qa of the carrier gas and Qsh of the focus gas, respectively. The focus gas flow Qsh prevented clogging of the micronozzle by limiting the expansion of the nanoparticle beam. In the presented experiments, the flows for all carrier gases Qa and Qsh were 1000 and 100 cm3/min, respectively. For efficient deposition of nanoparticles, the distance from the micronozzle to the substrate was 3 mm. The speed of the substrate movement and the step of printing lines were chosen in such a way as to form structures with the maximum nanoparticle density. Direct formation of SERS structures in the form of 3 mm × 3 mm square pads was carried out by printing lines with a step of 150 μm. With a decrease in the step between the lines, the lines previously deposited by the nanoparticles were destroyed by the flow. The speed of the substrate movement v on the coordinate table relative to the coaxial micronozzle in the process of printing the structures was 10.5 mm/s.



The thickness of the SERS structures formed by gold nanoparticles synthesized in various gaseous media (N₂, Ar + H₂, and He) at various temperatures (24 °C and −183 °C) was measured using an optical 3D profilometer (S neox, Sensofar, Terrassa, Spain).



The Raman spectra of the formed SERS structures were studied using Raman spectroscopy (DXR Raman Microscope, Thermo Fisher, Scientific, Waltham, MA, USA). We chose 1,2-bis(4-pyridyl)ethylene (BPE) as the detectable substance for evaluating the Raman signal amplification by nanoparticles based on publications [39], and after making sure that the BPE spectrum was easily interpreted, the undesirable effect of fluorescence was at an acceptable level, and the destruction of the substance under the action of the laser was quite slow. A 4:1 mixture of 2-butanol and distilled water was used as a solvent for BPE; thus, solutions with concentrations of 10−1, 10−2, 10−3, and 10−4 mol/L were prepared. A solution with a volume of 0.1 μL was applied to the surface with nanoparticles using a pipette dispenser. The sample was then dried for 30 min before the spectrum was measured. At our disposal were radiation sources (lasers) with a wavelength of 532 nm and 780 nm. When choosing a laser and imaging parameters, a series of measurements was carried out, changing the duration of the signal acquisition (exposure, number of frames), the output laser power, the aperture, and the lens so that the signal-to-noise ratio was as high as possible, the signal acquisition time was shorter, and sample degradation was not observed. We chose a laser with a wavelength of 780 nm to compare the efficiency of the surface amplification of the signal on nanostructures obtained under different conditions, since the results of a series of measurements showed that the use of a 780 nm laser makes it possible to reduce the damaging effect on the sample and obtain easily interpretable spectra. The following parameters were set for measurements: laser power of 20 mW, a 10× objective, a circular aperture of 50 μm, a number frames of 5, and a frame exposure of 1 s. When recording the spectra, the result for all images was automatically averaged and processed to reduce the influence of analyte fluorescence on the measurement result.



Thus, in order to measure the thickness of the SERS structures and their further study by Raman spectroscopy, 15 square pads of 3 mm × 3 mm were formed by gold nanoparticles synthesized in various gaseous media (N₂, Ar + H₂ and He) at different temperatures (24 °C and −183 °C) on ceramic substrates made of aluminum oxide for each concentration of the BPE (10−2, 10−3, 10−4 mol/L).





3. Results


The morphology and Au nanoparticles size obtained in nitrogen, argon, and helium atmospheres at different synthesis temperatures were studied using a transmission electron microscope (TEM). It was found that the temperature Tgas and the synthesis atmosphere have a significant effect both on the size of primary nanoparticles dp and their agglomerates da, and on the solidity of agglomerates φ and the bond strength between primary nanoparticles χ.



Figure 3 shows TEM images of nanoparticles synthesized in a nitrogen atmosphere at temperatures of 24 °C, −111 °C, and −183 °C. It was found that when the synthesis temperature Tgas decreases from 24 °C to −183 °C, the average size of primary nanoparticles dp and agglomerates da decreases from 9.4 ± 3.1 nm to 6.6 ± 2.5 nm and from 102 ± 60 nm to 43 ± 26 nm, respectively (Figure 4 and Table 2). This result is due to a decrease in the Brownian motion of nanoparticles with a decrease in the carrier gas temperature Tgas. It can be clearly seen from Equations (2) and (3) that with decreasing gas temperature, the coagulation coefficient K decreases, which describes the agglomeration of both primary particles and their agglomerates. Moreover, it has been experimentally and theoretically found that the mass production of nanoparticle synthesis Δm also decreases with decreasing gas temperature Tgas (Table 3). This result is explained by the fact that as the gas temperature decreases, a significant fraction of the discharge energy is spent on heating the cps(Tm – Tgas) electrodes, while the fraction of energy responsible for the evaporation of the 0.5ceV2 – bTgas4 – gk(Tb – Tgas) electrodes decreases (Equation (6)). In turn, a decrease in the mass production m also contributes to a decrease in the agglomeration of nanoparticles, based on Equation (2).



From the analysis of TEM images using Equation (4), it was found that with a decrease in the synthesis temperature, the solidity of nanoparticle agglomerates φ decreases from 92 ± 2% to 76 ± 3%. In other words, the agglomerates become more branched. In this case, the values of the bond strength between the primary nanoparticles synthesized at 24 °C, −111 °C, and −183 °C also decrease χ and amount to 0.5, 0.3, and 0.1, respectively. A clear comparison of the bond strengths between primary nanoparticles is shown in Figure 2. As a result, it can be concluded that the bond strength between primary nanoparticles becomes much weaker with decreasing synthesis temperature.



In this study, a theoretical approach was applied to predict the particle size distribution as a function of the gas temperature Tgas. For this purpose, the model of Feng et al. [28] was used to calculate the sizes of primary nanoparticles and their agglomerates with a lognormal self-conserving size distribution function. Figure 4 shows the experimental and calculated particle size distributions at Tgas equal to 24 °C, −111 °C, and −183 °C for primary nanoparticles and their agglomerates. Estimated particle size distributions were constructed using the mathematical expectation (μ) from Equation (2) and the dispersion value (σ) determined by the formula σ = μ × GSD, where GSD is the geometric standard deviation (1.35−1.40).



Similar to the data presented in Figure 4a, experiments were performed to determine the particle size distribution for nanoparticles obtained in nitrogen, argon, and helium gases (see Figure 5) at room (24 °C) and cryogenic (−183 °C) temperatures, respectively. Figure 5 shows that at these temperatures, the smallest size of primary particles is achieved when using He, and the largest when using N2. Theoretically, this is explained by an increase in dynamic viscosity during the transition from nitrogen to helium, and hence a decrease in the coagulation coefficient K, see Formula (3).



In order to establish the influence of the type of carrier gas and its temperature Tgas on the functional properties of nanoparticles, gold nanostructures were printed from nanoparticles obtained in N2, He, and Ar + H2 at temperatures of 24 °C and −183 °C, followed by study on a Raman spectrometer. Figure 6 shows scanning electron microscopy (SEM) images of sections of SERS structures formed from gold nanoparticles [9], which were synthesized in N₂, Ar + H2, and He atmospheres at temperatures of 24 °C and −183 °C. It should be noted that the structures were formed during the same time interval of about 1 min. The SEM images show that the type of carrier gas significantly affects the density of the formed structures. The densest SERS structures are formed from nanoparticles synthesized in a nitrogen atmosphere, see Figure 5. This result is explained by the fact that agglomerates obtained in nitrogen have large sizes (>100 nm) and, as a result, are deposited much more efficiently through a micronozzle onto a substrate in comparison with small nanoparticles obtained in argon and helium. Moreover, the mass production of nanoparticle synthesis in nitrogen is also higher (42–59 mg/h) than in argon (35–39 mg/h) and helium (18–21 mg/h) (see Table 4). This is also the reason for the formation of denser structures.



From the results of measurements of the thicknesses of SERS structures using an optical 3D profilometer, it is also seen that the structures printed with Au nanoparticles synthesized in nitrogen have higher values in comparison with the structures of nanoparticles for argon and helium (Table 4). A similar difference is observed when comparing SERS structures formed from nanoparticles at temperatures of −183 °C and 24 °C. From the analysis of SEM images, it can be seen that at a synthesis temperature of −183 °C, the microstructure of the formed SERS structures is more homogeneous and uniform, while at a synthesis temperature of 24 °C, many individual large particles are deposited on the substrate. Figure 7 shows photographs of SERS structures in the form of 3 mm × 3 mm square pads of gold nanoparticles synthesized in various gases at 24 °C and −183 °C.



Figure 7 shows that thinner and more transparent structures were formed in an argon and helium atmosphere at a low temperature of −183 °C. Figure 8 shows groups of spectra of BPE obtained from gold nanoparticles deposited under different conditions (Figure 8a in a N2 atmosphere, Figure 8b in a He atmosphere, and Figure 8c in an Ar + H2 atmosphere). Figure 8d shows the spectra of an alumina substrate (upper), similar to those used for nanoparticle deposition, of a 10−1 mol/L BPE solution (middle) supported on alumina, dried after deposition at room temperature under a hood for 30 min, and of a dry BPE powder (bottom spectrum). The characteristic peaks of BPE from a BPE solution dried on alumina substrate with a concentration of 10−2 mol/L and less are not distinguishable at the parameters of the spectrum acquisition that we have chosen. The peaks appearing in the spectrum of BPE 10−1 in the wavenumber range from 750 cm−1 to 850 cm−1 are characteristic of the incompletely volatilized butanol, which is part of the BPE solution. For convenience of signal enhancement comparison, the Raman spectra obtained in N2, He, and Ar + H2 atmospheres for BPE solutions of the same concentrations (10−2, 10−3, 10−4 mol/L) are grouped together. In each group, the scales of the spectra are brought into line.



The broad peaks appearing in Figure 8c (for nanoparticles synthesized at temperature –183 °C and BPE concentrations of 10−3 and 10−4 mol/L at wave numbers from 500 cm−1 to 700 cm−1) are characteristic for the corresponding gold nanoparticles without applied dye. For each structure and each concentration of BPE, five to seven spectra were obtained, and among them we chose a spectrum with peak heights close to the median. When evaluating the signal amplification, we focused on the characteristic peaks indicated on the spectrum of dry BPE. The shift of the characteristic peaks of the substance when using different wavelengths of the source (laser) and different amplifying nanostructures for SERS was noted and studied earlier [40,41,42], and a noticeable shift of the BPE peak in the spectra from nanoparticles relative to dry BPE is presumably due to the peculiarities of the orientation and interaction of BPE molecules with gold nanoparticles. As can be seen from Figure 8, all nanostructures demonstrated the SERS effect, but the amplification intensity for different structures differed significantly. The best result was obtained on gold nanoparticles deposited at Tgas = 24 °C in a N2 atmosphere. The results of Raman spectroscopy show that structures deposited in a N2 atmosphere enhance the BPE spectrum better than those deposited in a He atmosphere, and particles deposited in an Ar + H2 atmosphere demonstrate the weakest enhancement. All particles deposited at cryogenic temperature showed a decrease in the intensity of the BPE Raman spectrum in comparison with those deposited at room temperature. This fact is explained by a significant difference in the formed surface density of structures during deposition in different atmospheres and a decrease in the size of agglomerates by more than two times during cryogenic deposition [43,44,45].



We have estimated the SERS enhancement factor (EF) for the BPE molecules adsorbed on gold nanoparticles under study based on the following most widely used definition for the average SERS EF [46]:


  E F =        I  SERS      N  surf              I  RS      N  vol          



(7)




where ISERS and IRS are the intensities of a particular line of an analyte in the SERS and normal Raman (non-SERS) spectra measured under the same conditions, Nsurf is the average number of adsorbed molecules in the scattering volume for the SERS experiment, and Nvol is the number of molecules in the scattering volume for the non-SERS experiment.



In the calculations, we considered plasmonic nanostructures fabricated by aerosol jet printing with gold nanoparticles synthesized with the use of nitrogen as a carrier gas with no cooling. To estimate the number of analyte molecules probed in the SERS experiment (i.e., Nsurf), one must know the laser spot size, the average surface density of plasmonic nanoparticles producing the enhancement (i.e., number of particles per unit square of a substrate), the mean size of nanoparticles, and the surface density of analyte molecules adsorbed on nanoparticles.



In the performed experiments, the laser spot size was about 3 µm. Assuming the surface density of primary gold nanoparticles on the substrate to be about 1012 cm−2 (as estimated from SEM images), their mean size about 9 nm (as estimated from TEM images), surface density of BPE molecules in the monolayer about 3.9 × 1014 cm−2, and around 7% surface coverage of the metal [46], approximately 4.8 × 106 molecules (Nsurf) were probed in the SERS experiment. For the non-SERS experiment, the number of molecules (Nvol) within the probed volume of a BPE solution (10−1 mol/L) dispensed on alumina substrate was estimated at 4.2 × 1010. Substitution of Nsurf, Nvol, and the intensities of a line located at around 1640 cm−1 (taken from the typical SERS spectrum acquired on plasmonic nanostructure and the Raman spectrum of BPE solution) into Equation (1) gives an EF equal to about 2 × 106.




4. Conclusions


The sealed gas-discharge chamber developed in this work ensured the synthesis of nanoparticles at low temperatures of the carrier gas (Ar + H2, N2, and He) down to −183 °C, depending on the level of liquid nitrogen in the chamber. It has been established that as the synthesis temperature decreases from 24 °C to −183 °C, the average size of primary nanoparticles and agglomerates decreases from 9.4 ± 3.1 nm to 6.6 ± 2.5 nm and from 102 ± 60 nm to 43 ± 26 nm, respectively, by reducing the Brownian motion of the nanoparticles. Gold nanoparticles obtained in a spark discharge have been studied to reduce their agglomeration during synthesis under the influence of carrier gas temperature. Additionally, it was found that with a decrease in the synthesis temperature, the bond strength between primary nanoparticles becomes much weaker and, as a result, the degree of solidity of nanoparticle agglomerates decreases from 92 ± 2% to 76 ± 3%. Aerosol printing of SERS structures from gold nanoparticles was carried out during synthesis in N₂, Ar + H2, and He atmospheres and at synthesis temperatures of 24 °C and −183 °C for each type of gas. It was found that the enhancement intensity for different types of structures, obtained from the spectra of 1,2-bis(4-pyridyl)ethene from gold nanoparticles, differed significantly. SERS structures formed from nanoparticles at cryogenic temperature demonstrated a decrease in the intensity of the Raman spectrum in comparison with nanoparticles obtained at room temperature. This is due to a decrease in the size of agglomerates and a low surface density of the formed structures during cryogenic deposition. Increasing the surface density by increasing the deposition time of the structures seems to be inappropriate due to the low mass production of spark synthesis in Ar + H2 and He atmospheres, including when using low temperatures.
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Figure 1. Image of the experimental setup for the synthesis of nanoparticles in cold gases (N₂, Ar + H₂, and He) by spark discharge using a sealed gas-discharge chamber immersed in liquid nitrogen (T = −196 °C). 
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Figure 3. TEM images of Au nanoparticles obtained by spark discharge in chamber with gas temperatures of 24 °C (a,d,g), −111 °C (b,e,h), and −183 °C (c,f,i). 
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Figure 4. Distribution of primary particles (a) and agglomerates (b) by size at nitrogen carrier gas temperatures of 24 °C, −111 °C, and −183 °C, plotted from experimental (TEM analysis) and theoretical data. 
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Figure 5. Size distribution of primary Au nanoparticles at temperatures 24 °C (a) and –183 °C (b) for various type of gases N2, He, and Ar + H2. 
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Figure 6. SEM images of SERS structures of Au nanoparticles synthesized in various types of gases (N2 (a,b), Ar + H2 (c,d), and He (e,f)) at temperatures of 24 °C and −183 °C and deposited on an aluminum oxide (Al2O3) substrate. 
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Figure 7. Photographs of SERS structures in the form of square pads 3 mm × 3 mm, formed with different atmospheres and temperatures of nanoparticle synthesis. 
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Figure 8. Raman spectra for BPE obtained on SERS structures of Au nanoparticles synthesized in various gaseous media (N2 (a), He (b) and Ar + H2 (c)) spectra are scaled in pairs at temperatures of +24 °C (red) and −183 °C (blue), and group of spectra (d) of an alumina substrate (green), of a 10−1 mol/L BPE solution (orange) supported on alumina, and of a dry BPE powder (black). 
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Table 1. Parameters of the formation of structures in the form of pads on ceramic substrates by dry aerosol printing.
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Carrier Gas

	
Printing Speed v, mm/s

	
Nozzle to Substrate Distance WD, mm

	
Carrier Gas Flow Qa, cm3/min

	
Focus Gas Flow Qsh, cm3/min






	
nitrogen

	
10.5

	
3

	
1000

	
100




	
argon + hydrogen




	
helium
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Table 2. Results of analysis of TEM images of gold nanoparticles obtained in a nitrogen atmosphere at Tgas equal to 24 °C, −111 °C, and −183 °C.
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	Gas temperature Tgas, °C
	24
	−111
	−183



	Average size of primary nanoparticles dp, nm
	9.4 ± 3.1
	7.7 ± 2.6
	6.6 ± 2.5



	Average size of agglomerates da, nm
	102 ± 60
	76 ± 31
	43 ± 26



	Solidity φ, %
	92 ± 2
	86 ± 3
	76 ± 3



	Relative bond strength χ
	0.5
	0.3
	0.1
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Table 3. Mass production of the synthesis of Au nanoparticles depending on the temperature of the carrier gas (nitrogen).
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Carrier Gas

	
Gas Temperature Tgas, °C

	
Mass Production m, mg/h




	
Experimental

	
Theory






	
N₂

	
24

	
59

	
53




	
−111

	
52

	
47




	
−183

	
42

	
44
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Table 4. Mass production of synthesis and thickness of SERS structures obtained by dry aerosol printing. Synthesis of Au nanoparticles was carried out in nitrogen, argon, and helium at 24 °C and −183 °C, respectively.
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Atmosphere of Synthesis

	
Mass Production of Nanoparticle Synthesis, mg/h

	
Thickness of SERS

Structures, µm




	
24 °C

	
−183 °C

	
24 °C

	
−183 °C






	
N₂

	
59

	
42

	
0.59

	
0.32




	
Ar + H₂

	
39

	
35

	
0.28

	
0.27




	
He

	
21

	
18

	
0.24

	
0.19
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