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Abstract

:

Material characterization and investigation are the basis for improving the performance of electrochemical devices. However, many compounds with electrochemical applications are sensitive to atmospheric gases and moisture; therefore, even their characterization should be performed in a controlled atmosphere. In some cases, it is impossible to execute such investigations in a glove box, and, therefore, in the present work, an air-tight 3D printed cell was developed that preserves samples in a controlled atmosphere while allowing spectroscopic measurements in reflectance geometry. Equipped with a cheap 1 mm thick CaF2 optical window or a more expensive 0.5 mm thick ZnS window, the cell was used for both optical photothermal infrared and Raman spectroscopy measures; imaging of the samples was also possible. The far-infrared range reflectance measurements were performed with a cell equipped with a diamond window.
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1. Introduction


The last years have witnessed an increased interest in energy storage devices due to the request for more sustainable and eco-friendly systems [1]. Among the various systems for energy storage, electrochemical devices have gained a preponderant role, especially for their applications in portable devices and for vehicle traction [2]. Lithium-ion and post-lithium-ion batteries are certainly the best-known electrochemical devices [3].



The development of new materials, their investigation, and characterization are the main ingredients to improve the performance of batteries. However, this research also poses some challenges, such as the high reactivity of electrodes and electrolytes with air and moisture. For this reason, a major part of the research on battery materials is performed in glove boxes, although several experimental setups are not compatible with such a confined environment. In this framework, it is useful to develop cells where materials under investigation can be preserved from external contamination while allowing access to the samples for the experimental probe of choice. The purpose of this study was to develop a cell that allowed measurements using optical photothermal infrared spectroscopy and Raman spectroscopy of as-prepared or post-mortem electrodes of batteries. We have previously reported the applications of such spectroscopic techniques to investigate the Solid–Electrolyte interphase developed on Si nanowires cycled in electrolytes based on organic carbonates [4].



The concept of using a cell equipped with an optical window is not new. Cells have been widely used when samples are cooled down to below room temperature. However, these kinds of cells have been typically built from metals in specialized mechanical workshops. In the last few years, the development of widespread and easy-to-use 3D printers able to create objects from fused polymers has revolutionized this field [5]. Indeed, many applications of 3D printing to spectroscopy, imaging, and electrochemistry have been proposed in the last five years: a microfluidic circuit with vacuum sealing [6], a cell for fluorescence imaging [7], low-cost microscopes [8,9] and several applications in the field of electrochemistry, such as flow cells [10,11], cells for optical microscopy [12,13] or spectroscopic investigations [14,15,16] coupled to electrochemical measures.



Among the experimental methods useful to investigate materials for batteries, we focused our attention on optical photothermal infrared spectroscopy (OPTIR), Raman spectroscopy, and far-infrared reflectance. All these techniques work in a specular reflectance geometry, even though they are based on different physical phenomena. For far-infrared reflectance measurements, a beam of infrared light in the wavenumber range of 100–700 cm−1 hits the sample almost at a normal incidence, and the light reflected by the sample at the same wavenumber is measured. On the other hand, the configuration used in the present study, and in most Raman microscopes, is based on a laser beam hitting the sample through an optical objective at normal incidence; the intensity of the light back-scattered in the objective at wavelengths slightly different from that of the laser is recorded. Finally, optical photothermal infrared spectroscopy (OPTIR) is a relatively new technique that allows measuring the infrared absorption of samples through the photothermal effect. In detail, the sample is illuminated at normal incidence by a beam of mid-IR light generated by quantum cascade lasers (QCLs). When QCLs are tuned to wavelengths that excite molecular vibrations in the sample, absorption occurs. This generates a sample surface expansion and a change in refractive index (photothermal effects). A visible green laser measures this photothermal response via a modulation induced in the scattered light. The OPTIR technique can overcome the diffraction limit of traditional IR microscopy because the detecting radiation is in the visible range, and, therefore, it allows monitoring the variation of the spectrum of the sample on a sub-micron length scale. OPTIR is also useful as it is a non-contact technique, contrary to Attenuated Total Reflectance, which has been largely used to investigate electrodes for batteries.



Due to the different wavelengths of the light beams used in the three experimental techniques, different transmittance spectral ranges are required for the cell’s optical window, depending on the application. For Raman spectroscopy, transmittance in the visible range is needed, and there is no requirement for infrared transmittance. For far-infrared reflectance measurements, the optical window should be transparent in the far-infrared range, and no requirements for the transmission in the visible range are set unless imaging of the sample could be interesting. The most stringent requirements are present for optical photothermal infrared spectroscopy measurements because, in this case, the optical window should be transparent both in the mid-infrared range to allow the excitation of the vibrational modes of the sample by the incident infrared laser light and in the visible range to allow the detection of the photothermal effects by the green laser. For this reason, we aimed to develop a simple 3D printed cell that could be adapted to various optical windows. In particular, cheap (EUR 7) CaF2 windows can be used for Raman and OPTIR measurements, while more expensive (EUR 480) diamond windows are employed for the far-infrared reflectivity experiments.




2. Materials and Methods


Three-dimensional printed air-tight cells were made of the polylactic acid (PLA) polymer and printed on both an Ultimaker 3+ Connect and a Prusa i3 MK3 system at CNR in Rome. The program to generate the cells was written using the OpenSCAD software [17]. Four cells were developed to adapt to different optical windows and experimental techniques:




	(1)

	
CaF2 window, diameter 12 mm, thickness 1 mm, IR Grade, purchased from EKSMA Optics (Lithuania), cost about EUR 7 each for both OPTIR and Raman spectroscopy;




	(2)

	
ZnS window, diameter 12.7 mm, thickness 0.5 mm, purchased from Crystran, cost about EUR 35 each for both OPTIR and Raman spectroscopy;




	(3)

	
BaF2 window, diameter 25.4 mm, thickness 2 mm, purchased from EKSMA Optics (Lithuania), cost about EUR 66 each for OPTIR spectroscopy;




	(4)

	
diamond window, diameter 10 mm, thickness 0.4 mm, purchased from Diamond Materials GmbH, cost about EUR 480 each for far-infrared reflectance measures.









All four types of optical windows are transparent in the visible range as they are colorless; however, they possess different transmittance properties in the mid-infrared range, as will be described in the following.



The tightness of the cells was assured by an O-ring in a static tight configuration with a cord diameter equal to 1.5 mm and with an external diameter of 10 mm for the diamond window and 12 mm for the CaF2 and ZnS windows.



The shorter focal length of the objectives of the Raman, infrared, and OPTIR systems used to perform measurements was 9 mm, thus constraining the distance between the upper part of the cover and the plane where the sample seats. In the final version of the cells, this distance was about 5.5 mm, and the thickness of the sample could reach 1 mm without touching the inner face of the optical window. A drawing of the cell for the optical windows of CaF2 is reported in Figure 1, and the STL files for the cells corresponding to points 1 and 2 of the previous list were deposited in the Zenodo repository (DOI: 10.5281/zenodo.13985862).



Some cells that allowed the containment of thicker samples were printed during the development phase to check for eventual leakages. To do so, some pieces of silica gel were put inside the cells; the cover was closed with the optical window in place, the cells were exposed to air for 15 days, and the color changes of the silica gel were checked, which is deep blue in its anhydrous state and becomes progressively pink upon hydration.



The OPTIR instrument used for the measurements was the mIRage system by Photothermal Spectroscopy Corp. at the SMIS beamline of Synchrotron Soleil, which covers the wavenumber range between 920 and 3100 cm−1. Spectra reported in this paper were acquired through a 40× Schwarzschild objective (0.78 NA, 8 mm WD) in reflection mode, with a 2 cm−1 spectral resolution.



For Raman spectroscopy, we used the LabRAM Soleil Raman Microscope from the Chemistry Laboratories of Soleil developed by Horiba Scientific equipped with a long working distance Nikon objective 50×. Spectra were acquired between 50 and 3600 cm−1, with a spectral resolution of about 2 cm−1.



Far-infrared reflectance measurements were conducted at the SMIS beamline utilizing a Nicplan microscope/Thermo Fisher iS50 FTIR spectrometer equipped with a Si Bolometer, working between 100 and 700 cm−1, with a spectral resolution of 4 cm−1.



The infrared transmittance of the optical windows was measured at CNR in Rome employing an Agilent Cary 660 spectrometer with a DTGS detector and a KBr beamsplitter. The spectral resolution was fixed at 1 cm−1 in the wavenumber region between 420 and 6000 cm−1. Raman spectra of the optical windows were collected by the LabRAM Soleil Raman Microscope of the Chemistry Laboratories of Soleil Synchrotron.



To verify the goodness of the spectra collected in the cells using various techniques, several samples were measured outside and inside the air-tight cells, and the acquired spectra were compared. FeCO3 (purity ≥ 96%), LiCoPO4 (purity ≥ 99%), and Li2CO3 (purity ≥ 99%) were purchased from Sigma Aldrich. Single-side optically polished Si wafers with a resistivity <0.002 Ohm cm were purchased from Siegert Wafer. Whatman® glass microfiber grade GF/A filter discs, with 1.6 μm pore size and 0.26 mm thickness, were purchased from Merck.




3. Results


3.1. Investigation of Air Tightness


First, to ascertain if the tightness of the cells was preserved over time, we printed cells with CaF2 windows with a sample seat about 3 mm deep, where some grains of silica gel could be accommodated. The color of the grains was recorded over time in comparison with that of grains maintained in air. Figure 2 shows that silica gel in the air changes its color from blue to transparent/pink in a few hours; however, the cells could preserve the blue color even for 15 days.




3.2. Infrared and Raman Spectra of the Optical Windows


The infrared transmittance and Raman scattering spectra of the bare optical windows used in this study were recorded. Figure 3 reports the IR transmittance measured between 400 and 6000 cm−1, while Figure 4 displays the Raman spectra between 50 and 800 cm−1. Diamond is transparent in the whole frequency range (see Figure 3) with a transmittance of about 0.7, even though some absorptions between 1700 and 4000 cm−1 are visible. They are due to the phonon modes and the impurities present in the material [18]. At lower frequencies, it is possible to observe a series of interference fringes due to the high parallelism of the window faces. It must be noted that these fringes perfectly compensate for the measured reflectance spectra.



CaF2 and BaF2 had a 95% transmittance above 1300 and 1050 cm−1, respectively. Their transmittance decreased to 50% at 900 and 745 cm−1, respectively, due to phononic absorptions. Below these wavenumbers, these optical windows were not suited for OPTIR spectroscopy. BaF2 could be interesting for measurements at lower wavenumbers compared to CaF2. However, BaF2 is highly fragile and will not be further considered.



The Raman spectrum of the CaF2 window (Figure 4) is quite complex, with many vibrational modes in the range of 50–750 cm−1. The Raman spectrum of highly pure calcium fluoride consists of a single mode at 321 cm−1 [19]. More complex Raman spectra were reported for CaF2-containing impurities, such as Er [19]. For pure ZnS, the Raman spectrum should display an intense mode at 348 cm−1 and some weaker vibrational modes [20]. The measured Raman spectra of both compounds displayed several modes, suggesting that the optical windows contain impurities. However, as we will see in the following, this is not a problem for their use as optical windows for Raman or OPTIR spectroscopy, as the focalization of the laser beam occurs a few millimeters outside the optical windows.




3.3. Optical Photothermal Infrared Spectroscopy Measurements


Figure 5 displays a comparison of the optical images of compacted FeCO3 powders used to evaluate the performances of the cell equipped with a ZnS window for OPTIR using the 10× optical objective. When the optical window is in place, one can see the presence of the powder grains (Figure 5b). The quality of the image is only slightly lower than that of the same sample measured without the optical window (Figure 5a). The presence of grains can be better appreciated at high magnification (50×, Figure 5c). Figure 5d reports the comparison between the spectra measured without any optical window and with the CaF2 and ZnS windows in place. FeCO3 displays a clear, broad absorption band between 1200 and 1600 cm−1. In the previous literature, the peak observed at 1364 cm−1 was assigned to the CO3 asymmetric stretching mode, νas(CO3) [21]. It is interesting to note the absence of the O-H bending, δ(O–H), usually found around 1654 cm−1 in hydrated samples. The spectra measured with the sample covered by the optical windows appear slightly less defined; however, the same band is present.



In Figure S1 of the Supporting information, we compare the spectra of a Whatman separator with and without the optical window in place. In both cases, absorbance peaks are observed.



One can note that using a cheap (EUR 7) CaF2 optical window, good-quality images and spectra can be obtained. Slightly better images can be obtained with thinner but more expensive (EUR 35 each) ZnS optical windows.




3.4. Raman Spectroscopy Measurements


Crystalline silicon is one of the standards for the calibration of Raman spectrometers. Figure 6 reports the optical images recorded on a piece of a Si wafer measured with and without the ZnS/CaF2 windows in place. Even when recording the images through the optical window, small imperfections of the sample surface can be appreciated, witnessing the feasibility of imaging during Raman measurements. The Raman spectra measured with and without the CaF2 and ZnS window acquired with the same acquisition times are reported in Figure 6c. As expected, the scattering intensity measured through the optical windows was reduced precisely by a factor of 2 in the case of ZnS and a factor of 7 for the CaF2 window; however, the spectral shape and features were nicely preserved. The peak at 520 cm−1, assigned to the transversal optical (TO) phonon of crystalline Si [22], was clearly visible. The weak band centered around 290 cm−1 can be assigned to the overtone of the transversal acoustic phonon mode [23], while the overtone of the transversal optic phonon is centered around 925 cm−1 [24].



Notice that the presence of defects and impurities in the optical windows, as witnessed by the highly structured Raman spectra reported in Figure 4, does not modify the Raman spectrum of Si. This is due to the fact that the optical system is confocal, thus collecting only the photons emitted by a limited depth of field above and below the focal plane of the laser beam.



In Figure S2 of the Supporting information, we compare the Raman spectrum of LiCoPO4 measured with or without the CaF2 optical window.



Similarly to the case of OPTIR experiments, good quality Raman measurements can be obtained even using a cheap (EUR 7) CaF2 optical window.




3.5. Far-Infrared Reflectance Measurements


The last application of the 3D printed cell was for far-infrared reflectance measurements. In this case, optical images were not acquired as the optics of the microscope are optimized for infrared light. Figure 7 reports the comparison of the reflectance spectrum of Li2CO3 powders, pressed in a pellet, in the wavenumber range between 120 and 650 cm−1, with the sample placed outside and inside the cell equipped with a diamond window. The curves nicely overlap. To the best of our knowledge, no far-infrared reflectance spectrum of Li2CO3 has been previously reported. However, there are some studies of the transmittance above 600 cm−1 [25] and absorbance in Nujol between 300 and 600 cm−1 [26] and below 300 cm−1 [27]. The literature about Li2CO3 indicates that the vibrational bands above 600 cm−1 correspond to the internal modes of the CO32- ions [25,26]. Six modes centered between 300 and 600 cm−1 are expected to correspond to the asymmetric LiO4 stretching modes or the Li translational lattice modes [26]; however, only four of them were experimentally observed due to possible degeneracy. They were found to be centered at 402, 459, 517, and 549 cm−1 in 6Li2CO3 and 375, 433, 486, and 513 cm−1 in 7Li2CO3 [26]. Below 300 cm−1, three bands, including one shoulder, were reported, with the frequency of the maxima at 254, 140, and 133 cm−1 [26]. In this region, practically, there is no isotope effect, as the bands are attributable to the CO32- translational or rotational lattice vibrations [26].



The reflectance spectrum of Li2CO3 measured outside the cell was fitted utilizing the RefFIT software [28], considering the lowest number of modes that allowed obtaining a reasonable description of the experimental spectrum through the Drude–Lorentz model. The best-fit line is reported in Figure 7, compared to the experimental data. A reasonable fit can be obtained with six Lorentz peaks centered around 141, 260, 366, 409, 486, and 524 cm−1. The best-fit parameters, including the transverse frequency, plasma frequency, and scattering rate of the six peaks, are reported in Table 1.



The peak maxima are close to those reported [26] for Li2CO3 containing only the 7Li isotope. This can be easily understood, as the natural abundance of this isotope is 92.5%.



A last remark concerns the high cost (EUR 480) of the diamond optical window utilized for the far-infrared measurements. As a future direction, the use of much cheaper plastic windows should be explored.





4. Conclusions


In conclusion, a 3D printed cell was developed that can be adapted for various spectroscopic techniques working in a quasi-normal reflectance geometry, preserving samples from contamination by atmospheric moisture and gases. Both a very cheap and thicker CaF2 and a more expensive and thinner ZnS optical window allowed the acquisition of OPTIR and Raman spectra; the level of impurities present in these windows did not influence the acquisitions. Optical imaging of samples could also be obtained for both kinds of windows. To extend the use of the cell to far-infrared reflectance measurements, the cell was adapted to accommodate a thin artificial diamond window, which allowed measuring a high-quality spectrum of Li2CO3. As a future development, the use of plastics, such as polyethylene, for the far-infrared range will be explored to significantly decrease the cost of these measurements.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/instruments8040054/s1, Figure S1. Comparison of the OPTIR spectrum of a Whatman separator measured with and without the CaF2 window in place. On the right, the optical image of the separator through the optical window is reported. One can see the fibers that compose the sample in Figure S2. Comparison of the Raman spectrum of LiCoPO4 powders measured with and without the CaF2 window in place.
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Figure 1. (a) Technical 3D drawing of the cell for the optical windows of CaF2 (left) and the relative cover (right); (b) picture of the real opened cells obtained by two different 3D printers. 
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Figure 2. Pictures at different times of sealing test via silica gel color comparison between grains exposed to air and those maintained in the sealed cells for 15 days. 
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Figure 3. Infrared transmittance spectra of the CaF2, diamond, BaF2, and ZnS optical windows used in this study. 
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Figure 4. Raman spectra of the CaF2 and ZnS optical windows used for this study. 
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Figure 5. Optical images of the FeCO3 powders measured by a 10x objective of the OPTIR instrument outside (a) and inside (b) the cell equipped with a ZnS window. The same sample is visualized by the 50× optical objective used for IR measurements (c). The X and Y scales on panels (a–c) are in µm. The comparison of the OPTIR spectra collected outside and inside the two cells is reported in panel (d). 
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Figure 6. Optical images of a crystalline Si sample acquired in the Raman spectrometer outside (a) and inside (b) the cell with a CaF2 optical window. The comparison of the spectra measured outside and inside the cells is reported in panel (c). 
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Figure 7. Comparison of the far-infrared reflectance spectrum of Li2CO3 measured outside and inside a cell equipped with a diamond window. The green line is the best fit obtained using the Drude-Lorentz model. 
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Table 1. Best fit parameters for the reflectance spectrum of Li2CO3 (transverse frequency ω0, plasma frequency ωp, and scattering rate γ).
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	Transverse Frequency (cm−1)
	Plasma Frequency (cm−1)
	Scattering Rate (cm−1)





	141.2
	109.6
	28.1



	260.3
	52.1
	8.2



	365.9
	319.7
	76.6



	409.4
	222.4
	34.4



	486.1
	221.4
	31.5



	523.5
	230.3
	80.0
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