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Abstract

:

At present, a single technical method has difficulty in obtaining microscopic data of ultra-light elements, trace elements, and crystal structures in samples simultaneously. This work combined an in situ focused ion beam—transmission electron microscopy—time of flight secondary ion mass spectrometry (FTT) technique and analyzed the composition and crystal structure of four phyllosilicate samples. These materials were comprised of antigorite, clinochlore, and cookeite phases. An FIB sample preparation technique was found to provide a sample thickness suitable for TEM observations and a degree of surface roughness appropriate for TOF-SIMS analysis. In addition, the relative amounts and distributions of various elements could be obtained, as well as crystal structure data, such that the composition and crystal structure of each specimen were determined. The in situ FTT method demonstrated herein successfully combines the advantages of all three analytical techniques and offers unique advantages with regard to analyzing ultra-light and trace elements as well as the structural data of phyllosilicates.
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1. Introduction


Phyllosilicates are silicate minerals with a layered structure. Because the individual Si-O tetrahedra in these structures form layers based on the sharing of 3/4 corners, there exists an unbalanced charge of O as a result of the unshared tetrahedra. Such O atoms readily combine with cations or anions to form various phyllosilicates or clay minerals. As an example, serpentine minerals can be categorized as lizardite, antigorite, or chrysotile polymorphs. In addition, chrysotile can have ortho or clino structures [1,2]. The exact types of phyllosilicates can be determined by assessing the metal cations and H atoms present in the material as well as the crystal structure. Light elements are the components in the chemical formula of layered silicate minerals. When conducting a preliminary mineralogical analysis of layered silicate minerals, it is necessary to determine which light elements are present in the minerals to determine their types. Meanwhile, the trace elements in layered silicate minerals may reflect the geological process during their formation.



Elements present at low levels in phyllosilicates have previously been assayed using X-ray fluorescence (XRF), inductively coupled plasma—mass spectrometry (ICP-MS), ICP—optical emission spectrometry (ICP-OES), atomic absorption spectroscopy (AAS), electron energy loss spectroscopy (EELS), nano-scale secondary ion MS (nano-SIMS), and time of flight SIMS (TOF-SIMS). Among these techniques, sample processing of XRF, ICP-MS, and ICP-OES is destructive, and its spatial variability is lost, thus they cannot be used for in situ characterization [3,4,5,6,7,8,9,10]. In addition, although AAS can provide high sensitivity and accuracy, it is difficult to determine multiple elements simultaneously using this technique [11]. The disadvantage of EELS is that light elements with less than 1% content as well as noble gases cannot be detected [12]. In addition, Li+, which has only one layer of out-of-nucleus electrons, and H+, which has no layer of out-of-nucleus electrons, cannot make interlayer leaps of electrons, and cannot be detected with EELS [13,14]. Both nano-SIMS and TOF-SIMS can directly observe the distributions of trace elements, although the former can provide quantitative data but needs to follow strict sample preparation rules and requires a relatively long analysis time, whereas the latter can only assess the relative amounts of elements [12,15,16,17].



The analysis of ultra-light elements (defined herein as elements with atomic numbers less than or equal to 3, including H, and Li, except for He) will require the use of high-performance instrumental techniques. The main technique currently employed to analyze ultra-light elements in phyllosilicates is focused ion beam (FIB)-TOF-SIMS. As an example, this instrumentation was previously used to determine the spatial distributions of H, Li, and B via a multi-angle analysis [18]. However, this prior work did not provide structural information.



Therefore, it appears that elucidating both the composition and crystal structure of phyllosilicates will require a combination of suitable instruments. On this basis, the present work experimented with the use of in situ FIB-transmission electron microscopy (TEM)-TOF-SIMS (abbreviated herein as FTT) to examine serpentine and clay samples containing Li. Results show that this technique successfully provided the relative amounts and distributions of ultra-light and trace elements and allowed an assessment of the crystal structure of phyllosilicates, under the premise of solving the roughness and thickness of the experimental sample. This work demonstrates the advantages of in situ FTT when analyzing ultra-light and trace elements as well as crystal structure in phyllosilicates.




2. Experimental


2.1. Samples


A serpentine sample and three other Li-bearing phyllosilicates were used in this work. The serpentine was obtained from Xiuyan in Liaoning province, China. This material had an overall translucent appearance with a greenish coloration, contained Mg2+ as the primary metal ion [19,20], and had the theoretical formula (Mg, Fe)6 [Si4O10] (OH)8. The Li-containing samples were taken from a newly discovered deposit in the Yunnan-Guizhou region of China and were primarily comprised of clay minerals such as montmorillonite, chlorite, and illite [21,22,23].




2.2. Instrumentation and Operating Condition


After cutting specimens from each sample into a centimeter size suitable for placement in the electron microscope, each specimen was polished with silicon carbide sandpaper (2000 mesh), washed with ethanol, and dried in an oven at 80 °C for 12 h. The samples were subsequently coated with gold, after which they were examined using scanning electron microscopy (SEM), employing an FEI Scios dual-beam instrument operated in the backscatter mode. The serpentine samples were each found to have a homogeneous composition, while the Li-bearing minerals were heterogeneous. The latter materials are designated herein as ZK 1526h1, ZK 1522h1-1, and ZK 1522h1-2, respectively.



FIB analyses were performed using the FEI Scios dual-beam SEM instrument at the Institute of Geochemistry, Chinese Academy of Sciences (CAS) in Guiyang, China. The areas to be examined were cut from the specimens at a distance of 7 mm using a 15 kV Ga+ ion beam, and cross-sections having dimensions of 12 μm × 12 μm × 2 μm were extracted and welded to Cu grids using Pt. The sections were thinned at angles at 52° ± 2° and 52° ± 1.5° to thicknesses of approximately 100 nm, such that they were suitable for analysis by TEM [24]. This unique FIB-based thinning method provided a less degree of surface roughness for TOF-SIMS analysis.



The micron crystal structure and composition of each specimen were examined by TEM, employing an FEI Talos F200X field emission instrument at the Suzhou Institute of Nanotechnology and Bionics, CAS. Structural data regarding submicron and nano-sized particles were obtained by operating the instrument in the selected area electron diffraction (SAED), and Fast Fourier transform (FFT) image of high-resolution transmission electron microscopy (HRTEM) mode, respectively. In addition, the high angle annular dark-field (HAADF) mode, together with energy dispersive spectrometry (EDS), was used to map out the distributions of elements (atomic number greater than or equal to 5, inaccurate when measuring atomic number less than 11 and measuring noble gases) present at concentrations greater than 0.1% in the samples. Of note, because the TEM analyses slightly damaged the samples, we can get the most information such as major elements and crystal structure information first, and then get more detailed information such as ultra-light elements and trace elements, since TEM was typically performed before TOF-SIMS assessments.



TOF-SIMS is a technique in which masses of ions generated by an ionization beam are determined based on differences in flight times and is well suited to the analysis of solid samples with well-polished surfaces that are not limited by electrical conductivity. In the present work, ultra-light and trace elements in the samples were assayed on a TOF.SIMS 5-100 instrument at Tsinghua University, Beijing, China. Following the TEM analysis of each sample, the Cu grid holding the FIB specimen was fixed horizontally on a sample tray and then placed in the sample compartment and held under a vacuum of 8.8 × 10−9 mbar for approximately 12 h. During the analysis of the serpentine specimens, a primary Bi3+ ion beam was employed while the secondary ion beam contained both positive and negative particles with masses in the range of 0 to 900 amu. The assessment of the Li-bearing minerals used a primary Bi+ ion beam and the secondary ion beam comprised solely negative ions in the mass range of 0 to 900 amu. In each case, the primary ion beam was generated at 30 keV and 216 nA and was incident at an angle of 45° over a scanning area of 15 μm × 15 μm (equivalent to 256 × 256 pixels), with a scanning time of 360 s. A 1 keV O2+ ion beam was used for sputtering with an angle of incidence of 45° and a sputtering rate of 0.15 nm/s. The sputtering time varied from 360 to 600 s depending on the quality of the data. The results obtained from both the primary and secondary ion beams provided information regarding the sample surfaces, whereas the results generated by sputtering provided data regarding the material, down to depths from 54 to 90 nm. The variations of pixels in the resulting TOF-SIMS data indicated the distributions of various ions, whereas the image colors showed the relative amounts (from high to low concentration: white, yellow, orange, red, and black, with black pixels not being observable). Note that the results presented herein are not definitely primary ion beams or sputtered ion beams but rather were selected to provide the most informative and clear data. In addition, we did not prepare standard samples, so the intensity of the ions obtained in the figure has no practical significance and cannot be used for comparison between different ions. The TOF-SIMS technique provided less spatial resolution than TEM but allowed the analysis of ultra-light elements (an atomic number less than 4, except for He element), trace elements detection (in the ppm-ppb range), as well as the detection of isotopes and depth profiling based on layer-by-layer exfoliation [14,25]. The ability of this technique to detect ultra-light and trace elements made it suitable for the assessment of phyllosilicates.





3. Results and Discussion


The TEM images of the serpentine sample showed variations in contrast (Figure 1a), whereas the EDS mapping results (Figure 1e–g) indicated no significant distribution changes in either cations or anions, presumably due to the different crystal phase densities. Mg distributions were determined by TEM (which provided a lower limit of detection (LOD)), whereas Fe2+ was assessed using TOF-SIMS. These analyses indicated that the primary metal cation in the serpentine was Mg2+. The TOF-SIMS data showed uniform distributions of both positive and negative H ions in the serpentine (Figure 1j,k). Based on the combined structural data obtained by SAED and the elemental data generated by the TEM and TOF-SIMS analyses, the serpentine sample was identified as antigorite.



The HAADF analysis of the ZK 1526h1 indicated the same contrast in the matrix (Figure 2a). The sample was also found to have uniform distributions of Al and O based on TEM assessments (Figure 2d,e) whereas TOF-SIMS showed the presence of Mg2+, Fe2+, and Si4+ along with a lesser amount of Li+ (Figure 2g–j), where the distribution of Li+ appears to be uneven. The fast Fourier transform (FFT) pattern of the ZK 1526h1 identified this material as clinochlore, which was consistent with the compositional data. The ZK 1522h1-1 exhibited variable contrast in its HAADF image (Figure 3a), whereas the EDS mapping of the sample showed no changes in cation or anions (Figure 3d–f). Other metal cations were assessed using TOF-SIMS and small amounts of Mg2+ and Fe2+ along with lower concentrations of Li+ were found (Figure 3g–j). Based on these combined data, the ZK 1522h1-1 was identified as clinochlore.



The ZK 1522h1-2 sample was assessed by TEM and found to contain uniformly distributed Al and O (Figure 4d,e), whereas TOF-SIMS indicated the presence of Mg2+, Fe2+, and Li+ in this material. Li+ was distributed throughout the sample at a relatively high concentration (exceeding those of the Mg2+ and Fe2+). The FFT pattern obtained from the ZK 1522h1-2 identified this material as cookeite, which was consistent with the compositional data.



The TEM and TOF-SIMS data obtained from the serpentine, ZK 1526h1, ZK 1522h1-1, and ZK 1522h1-2 provided compositional and structural information showing that these specimens were made of antigorite, clinochlore, and cookeite, respectively. As noted, the layered structure of serpentine is composed of Si-O tetrahedra, and thus the TEM analysis of the antigorite clearly indicated high levels of Si and O. TEM mapping of the antigorite detected Fe but TOF-SIMS mapping did not, while a small amount of Fe was indicated by the single-point EDS assessment. It can be concluded from these results that TOF-SIMS is extremely useful when analyzing trace element distributions. The ZK 1526h1 and ZK 1522h1-1 were both made of clinochlore, although the TEM data for these two samples showed slightly different Si concentrations. The TEM results obtained from the former material only indicated Al and O signals, whereas the analysis of the latter demonstrated the presence of Al, O, and Si, possibly because some Si in the Si-O tetrahedra of the clinochlore structure had been replaced by Al in this material. TEM was able to detect Si at relatively high levels (Figure 3e) whereas TOF-SIMS had a lower LOD for this element (Figure 2i). Based on the present data, it was assumed that the Si content in the ZK1526h1 was less than 0.1%. The TEM results for the ZK 1522h2-2 only showed the presence of Al and O in Al-O tetrahedra, whereas Mg2+, Fe2+, and Li+ were identified by TOF-SIMS along with a higher concentration of Li+. Therefore, this sample could have been a type of phyllosilicate having a high Li content. Combining the structural data with these compositional results, the ZK 1522h2-2 was evidently made of cookeite. These results confirm that it was possible to determine the specific type of phyllosilicate represented by each specimen based on combining the compositional data acquired from TEM and TOF-SIMS with the structural data from TEM analysis. These findings demonstrate the viability of the present in situ FTT combination technique in ultra-light and trace element analysis.



This method also appears to be useful in terms of sample preparation. Phyllosilicates generally have lamellar or fibrous crystalline structures that form parallel to the tetrahedral layers, which makes it difficult to prepare suitable TOF-SIMS specimens by polishing bulk samples using conventional methods. Specifically, during the TOF-SIMS analysis of samples that do not have the required roughness, fewer sputtered secondary particles are obtained, resulting in a weaker signal and less reliable experimental data [26]. The use of the FIB technique to produce fibrous samples in the present work, based on a peeling effect resulting from the powerful ion beam, allowed both transverse and longitudinal sections of the specimens to be generated. This method reduced the amount of damage to the sample and as a result provided higher-quality TOF-SIMS data. Figure 5 shows the roughness of the conventionally polished sample surface and the sample surface obtained by FIB.



It is evident that the in situ FTT technique is advantageous when analyzing phyllosilicates containing ultra-light and trace elements. This method could potentially be applied to geological samples such as Li carbonatite and extraterrestrial samples such as those obtained from Mars or carbonaceous asteroids. Phyllosilicates such as montmorillonite, chlorite, illite, and muscovite are important components of the Martian surface [27,28]. Fe-rich phyllosilicates are also well represented in the surface rocks of carbonaceous asteroids, such as Bennu and Ryugu [29,30]. The FTT technique would be a suitable method for phyllosilicates in these precious, returned samples.




4. Conclusions


An in situ FTT combination technique was examined as a means of mitigating the difficulties associated with the microscopic analysis of ultra-light and trace elements in phyllosilicates. The experimental results obtained from analyses of antigorite, clinochlore, and cookeite samples demonstrated the advantages of this technique. This method provides the appropriate sample thickness and surface roughness for TEM and TOF-SIMS, respectively. In addition, the FTT technique permits the acquisition of relative amounts and distributions of ultra-light and trace elements as well as the crystal structure of a sample. This process could potentially be applicable to the analysis of mineral samples from Mars or carbonaceous asteroids.
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Figure 1. Microscopic results for the serpentine sample. (a) This figure shows a TEM image of the FIB cross-section. HRTEM and SAED data were acquired from the region in the white square. (b) An HRTEM image shows continuous planes with an interplanar spacing of 3.5 nm. (c) A SAED image was acquired. (d) This HAADF image shows the location of EDS mapping. (e–g) EDS mapping demonstrating uniform distributions of Mg, Si, and O. (h) This TEM image shows the area of TOF-SIMS, i.e., the entire FIB slice. (i–k) TOF-SIMS results show uniform distributions of Fe2+, H+, and H− throughout the sample. A color bar represents the linear scale from black (equals zero) to the white of TOF-SIMS. The number below each image is the intensity corresponding to the ion. 
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Figure 2. Microscopic results for the ZK 1526h1. (a) This figure shows a HAADF image of the FIB cross-section. HRTEM data was acquired from the region in the black square. (b,c) These are the HRTEM image and its FFT image after Fourier transform performing. (d,e) EDS mapping indicating the distributions of Al and O. (f) This image shows the area of TOF-SIMS, i.e., the whole FIB slice. (g–j) TOF-SIMS results show the distributions of Mg2+, Fe2+, and Si4+ along with a small amount of Li+. The white dotted areas represent the distribution of the missing Li+ here. 
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Figure 3. Microscopic results for the ZK 1522h1-1 sample. (a) A HAADF image shows that the sample was composed of several needle-like crystals. This sample also contained a small amount of Al2O3 and a rutile (Rt) phase with compositional information following. (b,c) These are the HRTEM image and its FFT image after Fourier transform performed. (d–f) EDS mapping indicating the distributions of Al, Si, and O. (g) This image shows the area of TOF-SIMS, i.e., the whole FIB slice. (h–j) TOF-SIMS results show the distributions of Mg2+, Fe2+, and a small amount of Li+. The white dotted areas represent the distribution of the missing Mg2+ and Li+. 
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Figure 4. Microscopic results for the ZK1522h1-2 sample. (a) A HAADF image shows that the specimen was primarily composed of cookeite. The voids filled with C are attributed to contamination. (b,c) These are the HRTEM image and its FFT image after Fourier transformation. (d,e) EDS mapping of the sample showing the distributions of Al and O. (f) This image shows the area of TOF-SIMS, i.e., the whole FIB slice. (g–j) TOF-SIMS results indicate the distributions of Mg2+, Fe2+, Si4+, and Li+. The white dotted area indicates that the Li+ ion concentration is low here. 
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Figure 5. Roughness comparison figures. (a) The surface of the sample after traditional polishing can still be observed as obviously rough under SEM. (b) The samples obtained by FIB preparation can be observed as obvious smooth surfaces. 
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