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A nanoparticle-coated graphite target (NCGT) is presented to improve the analysis accuracy and stability of laser-induced breakdown spectroscopy (LIBS). A stable, relatively homogeneous, and close to optically thin laser-induced breakdown plasma was obtained by dispersing sample nanoparticles on a high-purity graphite substrate. Spectral structures dominated by the characteristic lines of carbon and the samples can greatly simplify spectral identification and avoid line interference. To maximize the analysis accuracy and stability, a series of experimental conditions were optimized step by step according to the spectral intensity and signal-to-noise ratio of the lines. Based on the final optimized conditions, the relative standard deviation values of Mg, Fe, and Sr elemental content in Chinese medicinal material (CMM) samples were reduced from 17.7, 16.6, 12.1% of the pressed target to 4.8, 9.5, and 4.5% of the NCGT, respectively. Comparisons with the inductively coupled plasma mass spectrometry (ICP-MS) results demonstrated that the present method has great potential for detection of LIBS.
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INTRODUCTION
In recent decades, there has been a burst of enthusiasm for the fundamental studies of laser-induced breakdown spectroscopy (LIBS) and its applications to many analytical fields because of its advantages of limited sample preparation, multi-elemental analysis, and its capability for remote and in-situ analysis of materials in any phase [1–3]. Benefit from the advantages of sensitive and rapid spectral technology [4–7], LIBS as a rapid analytical tool with great potential for determining the elemental composition of materials in the solid, liquid, and gaseous states, many investigations on the spectral stability [8, 9], data processing [10, 11, 12] have recently been developed and reported. Several techniques have been proposed for enhancing the sensitivity of LIBS like Double pulse LIBS [13], resonance LIBS [14], the use external electric or magnetic field [15, 16] and LIF-LIBS, but all these techniques require the use of an additional energy source or tunable lasers. On the contrary, Nanoparticle Enhanced LIBS just requires a minimum sample preparation that is the deposition of nanoparticle on the sample surface [17, 18]. Nevertheless, so far only few investigations have focused on the effect of this phenomenon due to the influence of various factors such as matrix effect.
A key issue for accurate determination of trace elements in samples is to create a stable, close to optically thin, and relatively homogeneous plasma environment [19]. LIBS investigations have shown that most of the current mature laser and spectral detection instruments meet the requirements of LIBS detection with regards to stability and sensitivity [20], and high precision timing-control and detection-location [21] can easily assist in determining the optimized experimental conditions. However, for most LIBS spectroscopic measurements, two important factors affecting the instability of the spectral signal are the inhomogeneous distribution of the material on a target surface and the unevenness of the sample target surface [22, 23]. These two factors can result in the intensity and shape of the lines exhibiting unreasonable oscillations for some sensitive characteristic emission lines because of pulse-to-pulse fluctuations, for example, Mg II lines at 279.55 and 280.27 nm, and Ca II lines at 393.36 and 396.84 nm. Especially, self-absorption or self-reversed profiles may be observed in extreme cases.
Therefore, a suitable substrate for trace elements is necessary to improve the performance of LIBS detection. A high-purity graphite target could be considered as a kind of ideal substrate because of its simple spectral structure and hexagonal layered structure. As one of the most common elements, elemental carbon has the simplest spectral structure compared with other elements in the range 200–425 nm, exhibiting only an isolated resonance line at 247.86 nm and three CN molecular bands near 358 nm, 388.3 nm, and 421.6 nm. These features greatly simplify spectral identification. Meanwhile, the inherent compact nature of graphite can keep plasmas sufficiently stable during laser ablation so as to effectively enhance the spectral stability. Thus, a high purity graphite target is an excellent candidate for high precision LIBS investigations.
Another method to create an optically thin and relatively homogeneous plasma is by coating a small amount of sample onto the high purity graphite target surface as evenly as possible. Nanoparticles obtained by the ashing method could be an attractive choice since their small sizes enable a thin and even coating on the surface. And the main contents including metal elements were kept while a lot of C, H and O elements were burned in the ashing process, which further reduce the line identifications. One can expect that only sample nanoparticles with a thickness of less than 1 μm would be stripped upon low-energy laser pulse ablation. Therefore, such a plasma would be dominated by content originating from the graphite target while only a very small amount of content is from the sample.
In this work, a high purity graphite target was chosen to improve the stability of plasmas and to investigate the feasibility and capacity in Nanoparticle Enhanced LIBS detection. A traditional Chinese medicinal material (CMM) was specially selected as the analytical sample because of its therapeutic effects [24–26]. Laser-induced breakdown spectroscopy based on the nanoparticle-coated graphite target (LIBS-NCGT) was studied from the fundamental and application points of view. Our aim is to develop an analytical procedure to promote analysis efficiency of elements contained in the CMM samples based on the high-purity graphite targets.
EXPERIMENTAL
Methods
A nanoparticle-coated graphite target (NCGT) was designed by coating sample nanoparticles onto a high purity graphite target surface, which was several microns in thickness and was sufficiently uniform in distribution. When a focused laser pulse ablates a target surface, a laser-induced breakdown plasma including massive graphite composition and trace sample composition will be produced. Figure 1A shows the diagram of dispersed particles from a laser-induced breakdown plasma. Here, the matrix effect of the graphite substrate is expected to be helpful to stabilize the plasma signal and reduce the interference of spectral lines. A uniformly distributed nanoparticle film coated on the graphite substrate can provide adequate sample species after ablation, and these species interact with carbon ions from graphite substrate in the plasma expansion so as to prominent the signals of sample composition.
[image: Figure 1]FIGURE 1 | Schematic of LIBS and sample target preparation. (A) Dispersed particles from LIBS, (B) TEM image of nanoparticle suspensions, (C) the image of ablated NCGT surface at the power density of 1.5 × 109 W/cm2.
Sample Target Preparation
A planar high-purity graphite (purity>99.999%) target was chosen as a substrate to carry the sample nanoparticles to be measured.
Codonopsis pilosula samples, produced in Ming County, Gansu, China, were prepared, which belongs to a perennial species of flowering plant in the bellflower family. Their root materials were chosen as sample and placed in an electric constant temperature drying box to dry for 40 min at 60°C, and were then transferred to an analytical grinding machine for grinding. These powders were filtered using a 300-mesh sieve. Powder samples (1.0 g) were weighed and then were pressed to pellet with a 20 mm diameter and a 2.5 mm thickness. Pellets of pure CMM were prepared for comparison.
Dry powder samples (5.0 g) were placed in a crucible and heated for 40 min, until the sample no longer released smoke, for regulated electric heating carbonization, and then placed into a muffle furnace to ash for 8 h at 600°C so that a white ash was produced after cooling in the muffle furnace.
The ash in the crucible was dissolved in analytical-grade ethanol, and then transferred to a 50 ml volumetric flask for ultrasonication for 60 min with an ultrasonic cleaning instrument (KQ-3200E) to produce a suspension.
Large numbers of nanoparticles having diameters of tens to several hundred nanometers were imaged with transmission electron microscopy (TEM), as shown in Figure 1B. The nanoparticle suspensions were uniformly coated on the graphite surface. After evaporation of the ethanol, the nanoparticles were evenly distributed on the graphite substrate. This was called the nanoparticle-coated graphite target (NCGT). Figure 1C shows the image of an ablated NCGT surface at the laser power density of 1.5 × 109 W/cm2, the ablation had a diameter of 0.5 mm.
EXPERIMENTAL
A schematic of the experimental setup is shown in Figure 2. A 1064 nm Nd: YAG laser (PRO-350, Spectra-Physics) with a 10 ns pulse width, was used to produce plasmas when focused onto the planar NCGT surface. The target holder was positioned on a three-dimensional translation stage with a resolution of 0.1 mm to enable the presentation of a fresh area for each laser pulse. A lens positioned on a linear translation stage with the same resolution could be moved along the laser beam direction to adjust the focusing. The target and the lens can be moved simultaneously with the same step perpendicular to the normal of the target surface by controlling the translation stages. The space emission from the plasmas was collected with a quartz lens having a 50 mm focal-length onto the entrance slit of a spectrometer (Shamrock SR-500i, Andor technology) equipped with an intensified charge-coupled device (ICCD, iStar-DH734-18F-03, Andor technology). The spectral response of the intensity was calibrated using deuterium and tungsten halogen lamps (Aracight-D-CAL1205001). A digital delay generator (DG535, Stanford) was used to synchronize the laser pulse and the ICCD. Emissions from ten laser pulses were averaged for each measurement. The sample movement and spectral acquisition parameters were computer controlled and the experiments were performed in air at atmospheric pressure. To suppress background from the continuum plasma radiation and to enhance spectral stabilities, the experimental conditions were optimized step by step.
[image: Figure 2]FIGURE 2 | Schematic of the experimental setup.
DISCUSSION
Comparison Between LIBS Spectra of Graphite Target and NCGT CMM Samples
Figures 3A,B plot LIBS spectra of the graphite target and CMM NCGT samples over the wavelength range of 245–450 nm, respectively, which were collected 1.5 mm from the target surface at a laser power density of 1.5 × 109 W/cm2. The gate-width was 200 ns and the time delay were 500 ns It is clear that the spectral structure of the high purity graphite target in Figure 3A was very simple. In particular, there were no interference lines in the 250–357 nm range, except for two very weak Ca II lines at 315.88 and 317.93 nm. There were also three characteristic CN molecular bands around 358 nm, 388.36 nm, and 421 nm. Other peaks could easily be identified as Ca II lines at 393.36 and 396.84 nm, as well as Sr II lines at 407.77 nm. All of the lines were isolated and exhibited good resolution, with a maximum full width at half maximum (FWHM) of less than 0.11 nm. Finally, the rotational tail of the CN molecular band weakly interfered with these lines.
[image: Figure 3]FIGURE 3 | LIBS spectra of the graphite target and the CMM NCGT. (A) Pure graphite target, (B) CMM NCGT sample, and (C) the result of (B)-(A).
For CMM NCGT, new spectral lines in Figure 3B appeared at 279.55, 280.27, 285.21, 308.21, 309.27, 394.40, and 396.15 nm, Ca I 422.67 nm, Ca I 445.58 nm, which were respectively identified as Mg II, Al I, and Ca I. Some peaks were enhanced, such as the C I line at 247.85 nm, the Ca II lines at 315.88 and 317.93 nm, and the Ca II lines at 393.36 and 396.84 nm, as well as Sr I line at 407.77 nm. Figure 3C shows the result of subtracting spectrum (A) from spectrum (B). The result was contributions from the CMM sample; the graphite features in Figure 3A were weak, and the three CN molecular bands disappeared. This indicated that by this treatment, the spectra of Chinese herbal medicine nanoparticles can be obtained.
Figure 4A,B allow comparison between the LIBS spectra of pure CMM pellet and the graphite target coated with CMM nanoparticles, respectively. In Figure 4A, a total of 248 lines were identified as transitions of C I, Mg II, Si I, Fe I, Ca II, and Sr II ions, in addition to three weak CN bands. In Figure 4B, only 29 lines appeared, all of which were characteristic lines from ions mentioned above. Thus, they could be easily and rapidly identified.
[image: Figure 4]FIGURE 4 | LIBS spectra of the CMM pellet and the CMM NCGT sample. (A) CMM pellet and (B) CMM NCGT sample.
Optimization of Conditions
Further optimization of the experimental conditions was very necessary for investigating the NCGT-LIBS detection capacity combined with the graphite substrate and nanoparticle homogeneity. Two analytical lines were selected. One was the C atomic line at 247.85 nm that represented the matrix nature of the graphite target, and the other was the sensitive Mg ionic line at 280.27 nm that represented the sample nanoparticles. Step-by-step optimization included the laser focusing, the laser energy, the detection position, and the time delay. The intensities and signal-to-noise ratios (SNRs) of the lines were used to evaluate the stabilities of the plasma signals and the degree of optimization.
Figure 5 shows the variation of the relative intensity, the SNR, diameter of the ablated crater, and the power density as a function of distance from laser focus to target. The movement range of the focus point was −8–4 mm from the target surface along the laser beam direction. The highest spectral intensity and SNR were at the −2 mm focus point. Here, the diameter of the ablated crater was approximately 0.3 mm, the laser power density was approximately 1.55 × 109 W/cm2, and the corresponding laser energy was 25 mJ.
[image: Figure 5]FIGURE 5 | Relative intensity, SNR, crater diameter, and power density as a function of the distance from the laser focus to the target. The time delay was 500 ns and the gate width was 200 ns (A) Relative intensity, (B) SNR, and (C) crater diameter and power density.
Under the optimized focusing conditions, line intensities as a function of laser energy were investigated. Figures 6A,B respectively plots the relative intensity and SNR values of the lines as a function of laser energy. Both increased with a near-linear trend over the range 15–35 mJ highlighted by the gray rectangular box in Figure 6. For clarity, the experimental data were linearly fitted, as displayed by the solid lines with correlation coefficients greater than 98%. When the laser energy was greater than 40 mJ, the intensity and SNR values became weaker because of instrument saturation. This indicated that the plasmas were optically thin, and with the increase of laser energy, the intensity of spectral lines increases linearly in the range 15–35 mJ. To ensure that weak signal was not lost and that strong signals were not saturated in the following optimizations, a laser energy of 25 mJ was used.
[image: Figure 6]FIGURE 6 | Relative intensity and SNR as a function of laser energy. The time delay was 500 ns, and the gate width was 200 ns (A) Relative intensity, (B) SNR.
Figure 7 shows the relative intensity and the SNR at a laser energy of 25 mJ as a function of detection distance from the target. The space detection scale of the plasma was approximately 3 mm, and the best spectral signal and SNR values were obtained at 1.5 mm from the target surface. This value was thus fixed in the following optimization.
[image: Figure 7]FIGURE 7 | Relative intensity and SNR as a function of detection distance from the target. (A) Relative intensity, (B) SNR.
Figure 8 shows the (A) relative intensity and (B) SNR as a function of delay time. The spectral intensity rapidly decreased, while the SNR sharply increased initially with delay time, then gradually decreased down to 1 after 2 μs.
[image: Figure 8]FIGURE 8 | (A)Relative intensity and (B)SNR as a function of delay time.
Figure 9 plots the relative standard deviation (RSD) of plasma signals for the CMM pellets and CMM NCGT samples for time delays in the range 300–700 ns RSD values of the C I and Mg II lines from the CMM NCGT samples were approximately three times lower than those from the CMM pellets, and were almost constant with increasing time delay. This indicated that the NCGT-LIBS method had good plasma stability for CMM LIBS investigations.
[image: Figure 9]FIGURE 9 | Relative standard deviation as a function of delay time.
Diagnosis of Plasma Parameters
To investigate the physical property of the plasma based on graphite target coated CMM nanoparticles, the electron density and temperature were determined. The electron density was determined using the Stark broadening method [27]. Specifically, the Ca II line at 396.84 nm was used because of its sensitivity to Stark broadening. The line FWHM was determined by Lorentz fitting, and the electron density was estimated to be 3.58×1016 cm−3. The plasma temperature was first deduced using the Saha-Boltzmann plot method [29]. Atomic and ionic lines of Ca and Fe were used to increase the precision of the temperature. Figure 10A shows Saha-Boltzmann plots of the two elements. The average plasma temperature was approximately 8354 K. To check this value, Figure 10B shows the comparison between the acquired spectra of electronic-transitions in the CN violet band over the 380–390 nm range, along with a simulated spectrum at 8490 K using LIFBASE software [28]. The software can be used to generate simulated spectra across a broad temperature range at 100 K temperature increments using the Vogit profiles and a spectrometer resolution of 0.05 nm. The black solid line in the lower part of the figure is the result after deducting the contributions of emission lines of Mg I 383.82 nm, Mg I 383.23 nm and a second order emission C I line at 193.09 nm. The result indicated that the intensities across the simulated spectrum matched very well with the deducted experimental profile. Thus, reasonable temperature fits were obtained.
[image: Figure 10]FIGURE 10 | Estimation of plasma parameters. (A) Saha-Boltzmann plots of Ca and Fe lines, and (B) Comparison between the electronic-transition spectra of CN violet bands in the 380–390 nm range and a simulated spectral profile at 8490 K using LIFBASE software.
Optical Thickness
For intense atomic lines, such as some carbon and sodium lines from plant materials, self-absorption cannot be neglected. In this case, the approximation of an optically thin plasma is not applicable. Also, calibration-free LIBS (CF-LIBS) becomes invalid. CF-LIBS allows one to overcome the matrix effect by taking into account the plasma temperature and electron number density, as discussed by Ciucci et al [30]. However, when the sample nanoparticles are coated on a high-purity graphite substrate, the concentration of the analytes is much lower. Thus, self-absorption could be neglected, as confirmed in the following section.
Due to self-absorption, the intensity of an emission line is lower than that observed in an optically thin condition. Assuming an optically thin plasma and a local thermodynamic equilibrium (LTE) during signal acquisition, the measured integral line intensity [31]:
[image: image]
where [image: image] is the intensity of a transition between two energy levels Ek and Ei, h is Planck’s constant, c is the speed of light, λ is the transition wavelength, Aki is the transition probability, L is the characteristic length of the plasma, N is the number density, gk is the degeneracy, Us(T) is the partition function for the emitting species, kB is Boltzmann’s constant and T is the plasma temperature. For optically thin conditions, the theoretical doublet line intensity ratio of the same species can be expressed as:
[image: image]
For two emission lines having the same upper level (or as close as possible), the temperature effect of the Boltzmann factor on the reproducibility of the line intensity ratio is minimized. By neglecting the exponential factor under this condition, one can determine the theoretical value of the intensity ratio of the doublet lines by using the inherent atomic parameters of the transitions, which are independent of the experimental parameters. The doublet lines have similar energy level structures and close wavelengths, and their intensities are maximized. Here, the Al I lines at 308.21 and 309.27 nm were used to determine whether the plasmas from the CMM NCGT were optically thin. Figure 11 shows the ratio of 308.21–309.27 nm line intensities as a function of the time delay. The line-dot-line represented the ratio of the theoretical transition probabilities, the red circles represent the experimental results, and the error bars represent the RSD of ten duplicate measurements. The experimental and theoretical results were in good agreement within the experimental error range over the entire plasma decay time. In addition, the electron number density at different delay times is also plotted in Figure 11. According to the McWhirter criteria [32], this density was sufficient to maintain the plasma in a LTE.
[image: Figure 11]FIGURE 11 | Ratio of Al 308.21 nm to Al 309.27 nm intensities and the electron density as a function of delay time.
CONCLUSION
High-purity graphite targets are considered to be an ideal matrix for nanoparticle-enhanced LIBS due to their simple spectral structure. Chinese herbal medicine nanoparticles coated on high-purity graphite targets to study the feasibility and capacity. Under optimized experimental conditions, a stable, relatively homogeneous, and approximately optically thin laser-induced breakdown plasma is used to diagnosis the parameters of plasma. Line identifications were greatly simplified and a large improvement in spectral stability was obtained.
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