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Abstract

:

Solid-state batteries represent a promising technology in the field of high-energy-density and safe storage systems. Improving the understanding of how defects form within these cells would greatly facilitate future development, which would be best served by applying nondestructive analytical tools capable of characterization of the key components and their changes during cycling and/or aging. Spatially offset Raman spectroscopy (SORS) represents a potentially useful technique, but currently there is a lack of knowledge regarding its use in this field. To fill this gap, we present an investigation into the use of simple defocused micro-SORS on systems constructed using typical components found within solid-state cells. By analyzing the constituents and the assembled system, it was possible to obtain depth profiling spectra and show that spectra may be obtained from layers which are normally obscured, demonstrating the technique’s potential for nondestructive chemical analysis of the subsurface. In this way, the results presented validate the potential of micro-SORS as a technique to develop to support future solid-state battery development, as well as the nondestructive battery analytical field.
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1. Introduction


The growing demand for clean and efficient energy within modern society has generated considerable interest in advancing the field of energy storage to facilitate this transformation [1,2,3]. While conventional lithium-ion batteries have been successful [4,5,6] due to their high energy density and high power density, the use of organic liquid electrolytes represents a concern due to their safety risk (swelling, gas release, venting, toxic gas emissions, accumulated gas ignition, electrolyte leakage, high cell pressure, cell case rupture or explosion, or even fire) [7,8].



An alternative to liquid electrolytes is to instead employ solid-state electrolytes, which not only hold the potential to increase safety, due to greater thermal stability, but also offer a potential increase in energy density by enabling the use of lithium metal in place of conventional graphite anodes (thus reducing the weight of the system) [8,9,10]. However, significant challenges remain, primarily relating to processing scalability and the mechanical properties of the device [10,11,12], which typically involve various types of defects and their formation (e.g., lack of contact, cracks, Li dendrites, etc.). Understanding these defects is, therefore, key to future solid-state electrolyte development [13,14,15]. Furthermore, a significant bottleneck is the lack of understanding of the key interfacial characteristics (particularly upon formation, cycling, and aging), as there is a lack of nondestructive techniques capable of analysis without damage that may result in alteration [16].



In this way, a fast, nondestructive analytical technique, particularly one able to provide chemical information, would be highly desirable as it would offer a flexible approach to defect detection including in situ and ex situ examination during electrochemical cycling, and thus contribute significantly to further establishing guidelines for future solid-state battery development.



Raman spectroscopy has previously proven to be a powerful technique for characterizing many battery materials (often offering complementary data for structural characterization), and has been used not only on materials and components but also within cells for in situ and in operando measurements [15,17,18,19,20,21,22,23]. While conventional Raman spectroscopy is relatively straightforward in application (typically requiring no specific sample preparation), it nevertheless suffers from an inability to probe samples with diffuse scattering in depth (where the photon directions are mixed and direct imaging cannot be easily used to discriminate between the different layers as the photons propagate in all spatial dimensions) [24,25,26].



Spatially offset Raman spectroscopy (SORS), however, is a variant of Raman spectroscopy which exploits the fact that most materials are neither completely transparent nor opaque to light, but instead tend to scatter it, and thus it opens up the possibility of nondestructive depth profiling by detecting Raman signals from (and by this, enables the chemical analysis of) layers beneath the otherwise obscuring surfaces [27,28]. It should be noted that the degree of the depth penetration of the Raman laser is dependent on a number of variables (such as nature of material, laser wavelength, laser intensity) and, consequently, applicability of SORS should be determined on a case-by-case basis with respect to the system to be investigated [29,30,31,32,33]. For SORS to be able to detect these subsurface Raman signals, the laser must first penetrate and convert the photons of the region of interest into Raman photons, which must then diffuse back to the surface to be detected. To achieve this, two conditions must be met: first, the laser must penetrate to reach the layers of interest, and second, the photons must be detectable. It is important to consider that the path of subsurface photons is longer (compared to the path of photons at the surface), causing more lateral scattering and a spatial displacement or spatial offset between the illuminated and collected areas on the surface of the sample [27,28]. Detecting signals considering this spatial displacement enables the detection of deeper photons and, thus, inner layers of the sample [28].



There are several variations of SORS (such as point-like SORS, ring collection SORS, ring-illumination SORS or inverse SORS, defocusing SORS, and TRS) [27], which have been successfully utilized for a wide range of various applications (e.g., in the pharmaceutical [34,35], forensics and security [36], medical [37], food science [38], and analytical history [39,40,41] fields).



To the best of our knowledge, despite the potential to provide information about the chemical characteristics of the species within electrochemical cells, SORS has not yet been applied in the field of energy storage. Consequently, this study presents an investigation into this potential new application for the nondestructive SORS technique in order to determine suitability for, and challenges with respect to, collecting depth profiling information.




2. Materials and Methods


2.1. X-ray Diffraction


X-ray diffraction (XRD) patterns of the as-prepared sample were collected using a Bruker D8 Discover (Bruker, Billerica, MA, USA) diffractometer with θ/2θ Bragg–Brentano geometry, with monochromatic Cu radiation: Kα1 = 1.54056 Å. All samples were mounted inside an atmosphere-protective PXRD sample holder with a Kapton film cover.




2.2. Raman Characterization


Raman spectra were collected at room temperature (ca. 23 °C) with a Raman microscope (Renishaw In Via confocal Raman, Reinshaw, Wotton-under-Edge, UK), using a 532 or 785 nm wavelength laser focused through an inverted microscope (Leica, Wetzlar, Germany), via a 50× objective (Leica).



Suitable filters were used to minimize the laser power at the surface to <5 mW μm2. All samples were measured inside a sealed collection cell, under argon atmosphere, the covering slides of which were made from Raman inactive materials.




2.3. Defocused Micro-SORS


This technique was used to perform layer-by-layer depth analysis. The excitation and collection zones of Raman scattering were enlarged by moving the microscope objective out of the focusing position on the top surface of the samples. The moving distance is from ca. 5 to 15 μm per step, depending on the thickness of the layer being probed, while Raman signals from the sublayer under investigation constantly improve until the best signal intensities are achieved. A 532 nm wavelength laser was used in this work, with minimized laser power. Fluorescence and ambient light were removed from the background.




2.4. Step-Like System Assembly


To enable investigation of the applicability of SORS to typical solid-state battery constituents, a “step-like” system (see Figure 1) was constructed so that each possible configuration (from completely exposed to covered by all previous layers) could be measured.



The preparation of the four used components was carried out as follows, with all procedures undertaken in an argon-filled glovebox (<0.1 ppm O2, <0.1 ppm H2O). The catholyte was prepared by mixing polyethylene oxide (PEO, Sigma Aldrich (Darmstadt, Germany), Mw = 5 × 106) and LiTFSI (lithium bis(trifluoromethanesulfonyl)imide, Solvionic (Toulouse, France)) in a 20:1 molar ratio overnight at 200 rpm in acetonitrile. The cathode was prepared, as previously described, by mixing LTO (lithium titanate, Sigma Aldrich) nanopowder with the preprepared catholyte such that the final ratio was LTO: catholyte 72:28, using an IKA ULTRA-TURRAX® (IKA, Wilmington, NC, USA) disperser [42]. This was then cast at a thickness of 400 μm using a K control coater (by RK Print Coat Instruments, Royston, UK). The solid electrolyte was prepared by mixing PEO (Mw = 5 × 106) and LiTFSI in the molar ratio 20:1 overnight at 200 rpm in acetonitrile. Subsequently, it was cast to a thickness of 1500 μm and dried at 50 °C. Finally, it was hot-pressed (3 T, 100 °C) to obtain a thickness of ca. 30 μm. The Li2CO3 artificial SEI preparation consisted of mixing PEO and Li2CO3 (lithium carbonate, Sigma Aldrich) in the molar ratio of 20:1 overnight at 200 rpm in acetonitrile. It was then cast at 1500 μm thickness and dried overnight at 50 °C. The thickness was adjusted by hot press to 50 μm. Finally, the components were assembled in the step-like configuration on a cleaned lithium metal counter electrode.




2.5. Electrode–Aperture System Assembly


To investigate the ability of SORS to analyze a typical solid-state cell configuration, an LTO cathode was prepared as described for the step-like system, with a small aperture made to enable the Raman laser to pass through.



This was integrated with the solid electrolyte and cleaned lithium metal counter electrode, and contacted under an Al current collector mesh in a configuration typical for Raman experiments where a conventional current collector would block the signal (see Figure 2).



This was then mounted inside an air-sensitive holder while inside an argon-filled glovebox (<0.1 ppm O2, <0.1 ppm H2O).





3. Results


3.1. Constituent Characterization


In order to examine the constituent components, analyses were carried out on LTO, PEO, and lithium metal samples. The X-ray diffraction (XRD) pattern of the received LTO powder (see Figure 3A) revealed it could be assigned to pure Li4Ti5O12 (though the breadth of the peaks indicated a degree of lack of crystallinity), while the XRD pattern of the PEO (see Figure 3B) revealed the characteristic two peaks at ca. 19° and 24°, as expected.



Raman spectroscopic analysis of the cleaned lithium metal was undertaken inside an air-sensitive holder using a 785 nm and a 532 nm wavelength Raman laser (see Figure 3C). From this, it could be seen that lithium hydroxide peaks were present on the metal surface at ca. 287, 297, and 328 cm−1 (which we tentatively attribute to Li–O stretching modes), suggesting that residual species may still be detected for lithium metal prepared for use as a counter electrode. Significantly, it can also be seen that these bands were more intense in the spectra obtained using the 532 nm than the 785 nm wavelength laser. This observation may be attributed to the energy level of photons produced by lasing a material being inversely proportional to the wavelength of the laser, leading to the lower wavelength of 532 nm producing the more energetic photons (and thus leading to a better signal-to-noise ratio for the resulting spectrum). Consequently, all future Raman measurements were performed using the 532 nm laser in order to maximize the signals of interest within the measured data.




3.2. Investigation into Defocused Micro-SORS Applicability Using a Step-Like System


To determine if micro-SORS may be suitable for analyzing typical solid-state cells, it was necessary to determine the ability of the Raman technique to extract data and information from regions of interest. Consequently, it was necessary to investigate which layers of typical solid-state system components the Raman might successfully analyze through which other layers.



This was carried out using the step-like system, so as to enable each possible configuration (from completely exposed to covered by all previous layers) to be investigated.



3.2.1. Raman Spectra of the Step-Like System Constituents


Initially, the Raman spectra for each of the individual components used were collected separately (see Figure 4), to enable identification of the characteristic signal peaks.



To facilitate easier identification, the most intense observed bands were identified for each of these components (see Table 1) and their modes assigned.



From this, it can be seen that the cleaned lithium metal foil indicated the existence of a residual surface (lithium metal itself has no signal, only contributing to fluorescence) predominantly belonging to lithium carbonate (peak at ca. 1090 cm−1, which represents the symmetric stretching of the carbonate anion) and lithium hydroxide (peaks at ca. 287, 297, and 328 cm−1).



While the presence of this signal enables detection of the lithium surface itself, it was important to be able to clearly determine if the interface between the lithium and the electrolyte could also be detected. For this reason, an additional “artificial SEI” layer consisting of Li2CO3 was included in the step-like system to both represent a species commonly found within SEIs and to provide a strong signal (peaks observable at 1090 cm−1) to facilitate detection. From the comparison of the spectra of the solid electrolyte with its constituents, it can be seen that there are peaks corresponding to LiTFSI (at 745 cm−1) and PEO (at 1241 cm−1). Additionally, examination of the LTO cathode spectra reveals significant signals from LiTFSI and PEO (resulting from the catholyte component), as well as those corresponding to the LTO (Li=O and Ti=O vibrations at 400–420 cm−1 and 663 cm−1, respectively).




3.2.2. Defocused Micro-SORS of Assembled Step-Like System


The system was assembled as described in the experimental section, with a “step-like” configuration. While not fully representative of the design of a conventional cell, this configuration was selected as it enabled the Raman laser to be focused on each of the layers of the step-like system before moving the beam laterally through covering layers. In this way, it was possible to collect information through a range of layer configurations, thus demonstrating the degree of Raman laser penetration (and, thus, applicability of this micro-SORS approach). Raman spectra were taken from each configuration and plotted (see Figure 5).



To aid analysis, tabulated values for the observed peaks and the estimated constituent contributions are given in the supporting information (see Tables S1–S10). From this data, the following key observations could be made:




	
The signal from the lithium surface (measurement 7) could be observed through the lithium carbonate artificial SEI (measurement 8), and through both the PEO/LiTFSI membrane and artificial SEI (measurement 9). However, this signal could not be observed through the LTO cathode (measurement 10).



	
The artificial SEI signal (measurement 4) could be observed through the PEO/LiTFSI membrane (measurement 5), but not the LTO cathode (measurement 6).



	
The PEO/LiTFSI membrane (measurement 2) itself could not be observed through the LTO cathode (measurement 3), as the associated visible PEO and LiTFSI peaks are from the catholyte, and no significant additional contribution from the membrane could be detected.








To summarize, while configurations of the lithium surface, artificial SEI, and PEO/LiTFSI membrane enabled this layer-by-layer detection approach, the LTO cathode signal overwhelmed the signals of the other layers and thus prevented measurement. This demonstrates that, for micro-SORS to be used in a typical solid-state cell, it will either be necessary to find a way to enhance the signals of the desired layers, or to engineer the system in such a way that there are regions where there is an absence of the obscuring layers.





3.3. Investigation into Micro-SORS Applicability Using an Electrode–Aperture System


One simple approach to overcoming the issues highlighted by the step-like configuration would be to use a conventional solid-state system (though with a mesh-like current collector through which the Raman laser may pass), and to induce a small aperture(s) in the LTO electrode to enable measurement of the layers beneath. To validate this specific approach, an electrode–aperture system was assembled, and Raman measurements were taken from the LTO electrode and from the solid electrolyte and lithium metal (see Figure 6).



In order to investigate the ability of this configuration to enable key spectra to be collected from areas of interest, spectra were collected from the LTO electrode surface (see Figure 6A), the solid electrolyte through the aperture (see Figure 6B), and the lithium metal electrode through the aperture and the solid electrolyte (see Figure 6C), and plotted along with comparison spectra of their relevant constituents. To better see the lithium metal signal in the spectrum taken of the lithium electrode through the solid electrolyte (lithium electrode, see Figure 6C), a mathematical subtraction of the electrolyte contribution was performed (the spectrum of the solid electrolyte was normalized with respect to that taken of the lithium electrode based on the intensities of nonoverlapping peaks, then subtracted) and the extracted spectrum (extracted lithium) was plotted along with the spectrum taken of the bare lithium metal itself for comparison (see Figure 6D). From this data, the following key observations could be made:




	
As in conventional Raman cells used for in situ measurements, it was possible to measure the LTO cathode through the mesh current collector.



	
Additionally, the solid electrolyte could be easily detected through the electrode aperture, implying that this approach would be appropriate for detecting the electrolyte and subsequent layers within a conventional configuration.



	
Finally, a signal at ca. 1850 cm−1 observed for the bare lithium metal could also be detected in the lithium metal spectrum obtained through the solid electrolyte (this band may be attributed to the stretching mode for a C≡C group within residual surface Li2C2) [60]. This demonstrates that it is possible to use the electrode–aperture configuration to nondestructively investigate layers beneath the solid electrolyte.








To summarize, by introducing a small aperture into the LTO electrode, it was possible to obtain Raman data from all other layers. This strongly suggests that a similar approach might be applicable when carrying out in situ or ex situ Raman of future solid-state systems. It is believed that by introducing several apertures of suitable sizes, at suitable distances, it will be possible to undertake spectroscopic depth profiling of areas of interest within a wide range of solid-state systems.





4. Discussion


Given that future solid-state battery development has a strong dependence on a detailed understanding of the physicochemical changes occurring during aging and cycling, the development of novel approaches to nondestructive analysis capable of providing such additional information provides a powerful tool to enhance insight, and subsequently performance, particularly during operational life. To help further development of Raman spectroscopy for solid-state battery characterization, we systematically applied defocused spatially offset Raman spectroscopy to systems composed of typical solid-state battery components for the first time.



The fact that it was possible to collect spectra through an artificial SEI and a PEO/LiTFSI membrane validates the viability of the technique, and that it is, in principle, possible to carry out nondestructive Raman depth profiling of an assembled solid-state system. Significantly, it was not possible, using the step-like configuration, to obtain a signal through the LTO cathode layer due to the strength of its signal. This represents a challenge, and so it is important to note that, when considering approaches to detecting spectra obscured by the cathode’s signal, the scattering intensities of the components will need to be accounted for (typically this depends on a variety of factors, including the concentration and the Raman cross-section, and has a weak dependence on the wavelength of the exciting laser). Thus, future work should likely focus on determining optimal cell designs. Subsequently, consideration could then be given to extending this technique to solid-state systems which have undergone electrochemical cycling (to enable ex situ and/or in situ nondestructive depth profiling of the changes undergone during cycling), then to enhancing signals further still, so as to facilitate more sensitive detection (for example, enhancement of the Raman signal of specific layers and/or interfaces/interphases, in order to probe defects and their formation within the solid-state batteries).



In order to provide a potential cell design capable of enabling micro-SORS, we considered the use of an aperture in the electrode through which Raman measurements might be taken. Our preliminary results show that this approach worked well, enabling data to be taken from the electrode and from the layers beneath the electrode in a configuration typical for solid-state systems. While the use of the aperture might introduce some degree of complexity when undertaking future Raman experiments, the possibility of probing layers and interfaces hitherto unmeasurable by nondestructive techniques offers a great deal of promise and the tantalizing possibility of enriching the solid-state battery research field.



In summary, the results presented here demonstrate, for the first time, the potential of spatially offset Raman spectroscopy for the characterization of typical solid-state cells, particularly with respect to nondestructive depth profiling analysis, allowing investigation of components not typically observable without cell disassembly and postmortem studies. In this way, this study presents a new alternative to existing nondestructive characterization methodologies, as well as a potential significant extension to the already widespread use of Raman spectroscopy within this field, which would offer a new perspective on identification of solid-state cell constituents (and the changes they may undergo during cycling and aging) in order to support future research and development.
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Figure 1. The layers constituting the step-like system, and the subsequent assembly in this mode with layer thickness shown. 
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Figure 2. The layers constituting the electrode–aperture system, and the subsequent assembly in this mode with layer thickness shown. 
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Figure 3. (A) XRD pattern of the LTO sample (black), with a Li4Ti5O12 reference (red, JCPDS card no. 49-0207); (B) XRD pattern of the PEO; (C) Raman spectra taken of a cleaned lithium metal surface using a 532 nm (green) and a 785 nm (red) wavelength laser. 
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Figure 4. Spectra of each system component (electrode, black; solid electrolyte, purple; artificial SEI, light green; lithium, orange), compared with the signals of their constituents (electrode constituents: LTO, red; PEO, dark blue; LiTFSI, cyan; solid electrolyte constituents: PEO, dark blue; LiTFSI, cyan; artificial SEI constituents: Li2CO3, dark green; PEO, dark blue; lithium constituents: LiOH, pink; Li2CO3, dark green). 
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Figure 5. Raman spectra obtained from the step-like system by micro-SORS, with their positions designated numerically. For comparison, the obtained spectra of the layer constituents (as shown in Figure 4) are used as a reference to indicate the main peaks, which can be observed by *. Examination of the observable peaks in comparison to the layer depth at which they were measured demonstrates the degree to which the defocused micro-SORS was able to obtain spectroscopic data. 
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Figure 6. Raman spectra obtained from (A) the LTO electrode (black) and its constituents (electrode constituents: LTO, red; PEO, dark blue; LiTFSI, cyan); (B) the solid electrolyte (purple) and its constituents (solid electrolyte constituents: PEO, dark blue; LiTFSI, cyan); (C) the lithium metal surface through the solid electrolyte (lithium electrode, brown), the solid electrolyte (purple), and bare lithium metal surface (lithium metal, orange); (D) a comparison of the bare lithium metal surface (lithium metal, orange) and the extracted lithium contribution (extracted lithium, dark red). 
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Table 1. Assignations for most significant observed signals.
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	Component
	Raman Band

Position (cm−1)
	Assignation
	Ref.





	Li2CO3
	1090
	C–O bond symmetric stretching
	[43,44,45,46]



	LiOH
	287

297

328
	Li–O stretching
	[47,48,49,50]



	LiTFSI
	745
	S–N–S stretching
	[51,52,53]



	PEO
	845

862
	Hydroxyl end groups
	[54]



	PEO
	1241
	Disordered or amorphous portions of the polymer chain
	[54]



	LTO
	233
	Bending vibration of O–Ti–O
	[55,56,57,58]



	LTO
	400–420
	Stretching–bending vibrations of Li–O bonds in LiO4
	[55,56,57,58]



	LTO
	663
	Vibration of Ti–O bond in TiO6 octahedra
	[55,56,57,58,59]
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