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Abstract

:

Taking advantage of electrode thicknesses well beyond conventional dimensions allowed us to follow the surface plasmonic THz frequency phenomenon with vacuum wavelengths of 100 μm to 1 mm, only to scrutinize them within millimeters-thicknesses insulators. Here, we analyze an Al/insulator/Cu cell in which the metal electrodes-collectors were separated by a gap that was alternatively filled by SiO2, MgO, Li2O, Na3Zr2Si2PO12–NASICON, Li1.5Al0.5Ge1.5(PO4)3–LAGP, and Li2.99Ba0.005ClO–Li+ glass. A comparison was drawn using experimental surface chemical potentials, cyclic voltammetry (I-V plots), impedance spectroscopy, and theoretical approaches such as structure optimization, simulation of the electronic band structures, and work functions. The analysis reveals an unexpected common emergency from the cell’s materials to align their surface chemical potential, even in operando when set to discharge under an external resistor of 1842 Ω.cminsulator. A very high capability of the metal electrodes to vary their surface chemical potentials and specific behavior among dielectric oxides and solid electrolytes was identified. Whereas LAGP and Li2O behaved as p-type semiconductors below 40 °C at OCV and while set to discharge with a resistor in agreement with the Li+ diffusion direction, NASICON behaved as a quasi n-type semiconductor at OCV, as MgO, and as a quasi p-type semiconductor while set to discharge. The capacity to behave as a p-type semiconductor may be related to the ionic conductivity of the mobile ion. The ferroelectric behavior of Li2.99Ba0.005ClO has shown surface plasmon polariton (SPP) waves in the form of surface propagating solitons, as in complex phenomena, as well as electrodes’ surface chemical potentials inversion capabilities (i.e., χ (Al) − χ (Cu) > 0 to χ (Al) − χ (Cu) < 0 vs. Evacuum = 0 eV) and self-charge (ΔVcell ≥ +0.04 V under a 1842 Ω.cminsulator resistor). The multivalent 5.5 mm thick layer cell filled with Li2.99Ba0.005ClO was the only one to display a potential bulk difference of 1.1 V. The lessons learned in this work may pave the way to understanding and designing more efficient energy harvesting and storage devices.
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1. Introduction


As global energy utilization is anticipated to be doubled by the mid-century due to population and economic development, energy supplies are becoming more and more critical [1]. Hence, harvesting and storing renewable energy, such as solar energy, will be one of the most significant global development challenges over the incoming years [2].



Li-ion batteries have been pioneers and protagonists in electrification as they can store when harvested energy is abundant and deliver when it is scarce [3,4].



The significant advantages of Li-ion batteries are their energy/power densities; they may also complement fuel cells for higher energy density or capacitors for a higher power. Capacitors can also charge batteries and recover energy harvested in vehicles, flying wheels, tribological devices, tides, and waves [5].



Li-ion batteries, however, raise safety problems [6]; they use materials that are not inexpensive and widely available such as cobalt [7], do not have an enlarged temperature range of utilization [8], and reach their theoretical capacity limit.



Alternatively, the implementation of materials with extraordinary capabilities in out-of-the-box devices that can address harvesting and storage tandemly (Figure 1), such as ferroelectrics [9], van der Waals quantum materials [10], axion insulators [11], and topologic photonic metamaterials [12], in well-established architectures, opens horizons toward a new revolution where devices have more than one role and are advanced on lessons learned from the shared behaviors.



The advent of solid-state batteries demands knowledge of the interplay phenomena between electrodes, interphases, interfaces, and the solid electrolyte at different pressures, temperatures, and cycle numbers [13,14,15]. The entangled behavior is even more critical in operando (Figure 2a). The conjunction of experimental techniques with theoretical simulation is therefore paramount, especially for understanding the driving forces within the battery cell that mostly result from the differences in chemical potentials (analyzed with impedance spectroscopy EIS and cyclic voltammetry CV) and surface chemical potentials (analyzed with scanning Kelvin probe SKP) within the cell. The flow of charges is dependent on the bulk and surface potentials, as shown herein.



A few questions then stand up: what differentiates the materials that possess specific electrical properties while working in the same solid-state device? What is the most efficient solid electrolyte relative to its chemical potential? How can the propagation of the electric field throughout the cell due to plasmon polariton affect the behavior of all-solid-state batteries?



Dielectric materials are electrical insulators that become polarized when submitted to an electric field and have applications in almost all electronic devices, such as heterojunctions, transistors, memories, photovoltaics, capacitors, and batteries [16,17,18]. Dielectrics include all the other classes of materials that were studied in detail: (1) n- and (2) p-type intrinsic semiconductors, (3) solid electrolytes, and (4) ferroelectric solid electrolytes.



Here, the study of SiO2, MgO, and Li2O dielectric oxides, Na3Zr2Si2PO12, Li1.5Al0.5Ge1.5(PO4)3 and Li2.99Ba0.005ClO solid electrolytes, and a detailed examination of the surface chemical potentials in an Al/insulator/Cu cell was carried out at OCV and in operando. Ab initio simulations were also performed to understand the surface electrical properties of the dielectrics and their role in the cell. The crystal structure of the materials is well known to influence their electronic and electrochemical performance, and so are the properties described in Table 1. In Figure 1, these materials’ crystal structures and space groups are also shown. In the Supplementary Information (SI), the detailed properties of these materials that help identify similarities and differences in their performances in all-solid-state devices, and their actual applications, are discussed.




2. Materials


2.1. Oxides


The oxides in this study used as dielectrics were powders of (1) Silicone oxide (IV) 99.5%, powders’ diameter <44 µm from Thermo Fisher; (2) Magnesium oxide (MgO) 99.95%, powders’ diameter <44 µm from Alfa Aesar; and (3) Lithium oxide (Li2O) 99.5 %, powders’ diameter <149 µm, from Alfa Aesar. All oxides were kept and manipulated to fill the cell’s gap in a glovebox with an argon atmosphere.




2.2. Solid Electrolytes


The solid electrolytes used were powders of (1) Na3Zr2Si2PO12 with diameters < 44 µm from MSE supplies; (2) Li1.5Al0.5Ge1.5(PO4)3, with diameters varying from 0.30 to 0.50 µm from Ampcera; and (3) Li2.99Ba0.005ClO was prepared in the laboratory environment, synthesized by water solvation, similarly as presented by Braga et al. [16,28]. After obtaining a solid-state material, the electrolyte was closed hermetically and dried at 250 °C. After the drying process finished, the Li+-glass was kept in a glovebox with an argon atmosphere and grounded with an Agate ball milling equipment in a hermetic sample holder for 40 min (300 rpm) using a ball milling machine with an Agate container and five balls with a diameter of 20 mm. All solid electrolytes were manipulated inside the Ar-filled glovebox (O2 and H2O < 1 ppm) while filling the cell’s gap.




2.3. Cells


The cells were fabricated with two different metal electrode pairs (aluminium//copper) or (zinc//copper) with a designed parallelepiped gap between them that was filled with oxides or solid electrolytes. The electrodes were fixed on the epoxy support. The average dimensions of the Al/insulator powder sample/Cu cell’s materials used in the experiments were Al with (11 × 20 × 4.7) mm3; powder sample oxide or solid electrolyte with (5.5 × 22 × 4.7) mm3; and Cu with (11 × 20 × 4.7) mm3 (Figure 2).





3. Methods


3.1. Cell Preparation


Before beginning the calibration procedures on SKP, it was necessary to prepare the cell according to the following process: (1) sand and polish the electrodes; (2) thoroughly clean the particles’ residues; and (3) fully dry the cell. Afterward, the cell’s gap between the electrodes was ready to be filled with oxide or electrolyte powder, tightly compressed with a spatula-like tool, and leveled by the electrodes. The oxide or the electrolyte was also thoroughly dried before this latter procedure.




3.2. Scanning Kelvin Probe (SKP)


SKP is a non-invasive and non-contact technique based on the contact potential difference (CPD) between two electrically connected metals [29]. A vibrating capacitor tip measures the local work function difference between the sample and the tip, which is related to the surface chemical potential [30] (Figure 2d). Therefore, the SKP technique allows an electrochemical study of the materials’ surface. SKP technique was also used to map the topography of the surface’s materials performing the Capacitive Tracking Measurement (CTM). This technique is appropriate for non-flat surfaces and irregularities; it maintains a constant distance between the probe tip and the sample, scanning the surface without losing information about the cell’s surface. These techniques are under the atomic force microscopy (AFM) set of methods. All SKP measurements were performed with a Biologic SKP-M470 with an SKP tip U-SKP-370/1 made of tungsten wire with 500 µm diameter and an SKP tip U-SKP-150, made of tungsten wire with 150 µm diameter. The distance between the CTM or SKP probe tip and the sample was 100 µm (oxides and solid electrolytes) to 200 µm (ferroelectric solid electrolyte), and the analysis was monitored through a micro camera. All experiments were performed in a dry box. It is worth highlighting that each set of experiments, for each insulator, was served with fresh materials after cleaning and drying the cell. We give knowledge of the most representative experiments that illustrate the materials’ behaviors.



The chemical potential  μ  is equal to the surface chemical potential   χ =  E  v a c u u m   − W F = μ    +     z i  F ϕ  , when the surface potential  ϕ  is null, where    E  v a c u u m   = 0   e V  ,   W F   is the work function,    z i    is the valency of the interfacial ion, and  F  the Faraday constant (more detail in [31]). Therefore, the experimental   W F   of each material, herein, was obtained for the inner surface away from the interfaces.



Upon equalization due to electrical contact between two materials, the electrochemical potentials   μ ¯  , or Fermi levels    E F   ,   Δ  μ ¯  = 0 =     Δ μ    −     z i  F Δ V  , and the chemical potentials should correspond to   Δ μ =      z i  F Δ V   via the formation of double layer capacitors (EDLC) with a potential difference,   Δ V = Δ ϕ   where   Δ ϕ   is the difference of surface potentials of the interfacial materials. Consequently,    E F    is obtained where there is an equalization of  χ  at the interfaces of the dielectric or solid electrolyte with the electrodes. When the equalization is not possible at the two interfaces electrode1/insulator/electrode2 due to a potential well translated in an interfacial resistance, the equalization point for one of the electrodes is obtained away from the interface. The equalization of  χ  is achieved through the surface plasmons or electric field propagation across the electrodes.




3.3. Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV)


In EIS, a GAMRY (GAMRY1000) impedance meter imposes a small amplitude AC signal to the cell’s terminals. The AC voltage and current response of the sample cell allow for determining the impedance (resistive, capacitive, and inductive characteristics) of the cells and equivalent circuits related to their components at controlled frequencies. The EIS studies complemented the study of the surface phenomenon in the cells. EIS was performed in the frequency range of 1 MHz to 0.1 Hz with an amplitude signal of 10 mV.



Cyclic Voltammetry (CV) is an electrochemical technique used for providing information about the dynamic behavior of the cells while performing cycles under an imposed voltage rate. CV measurements with the present cells were performed within the potential window of −0.35 V to +1.0 V and scan rates of 25 mV·s−1 and 2 mV·s−1.




3.4. Ab Initio Simulations


The study of the material’s surface properties is critical. Ab initio simulations were accomplished using Density Functional Theory (DFT) and the Generalized Gradient Approximation (GGA) pseudopotential method to determine the lattice constant, lattice stability, band structure, surfaces, and work functions at different temperatures. These simulations used crystal representations without introducing defects such as vacancies, and impurities, as our previous work on ZnO did [31].



DFT and hybrid functional HSE06 packages, as implemented by VASP6 (Vienna Ab initio Simulation Package) [32], were performed with a plane-wave cutoff of >400 eV, reciprocal space projection, and spacing of k points of 0.3 Å−1. Electron localization functions (ELF) were obtained for each oxide (001) surface.



Ab initio molecular dynamics (AMD) was employed to simulate a closed system thermostatted in a heat bath at a constant temperature and pressure NP’T. The system was the crystalline Li79BaCl27O27 optimized structure (from Pm-3m) after performing microcanonical simulation NV’E to set the temperature of 300 K (27 °C).



Macroscopic average potentials were calculated for 10 Å, and work functions were determined by calculating the difference between the maximum potential where electrons are at rest on the surface and the average potential between the minimum and maximum potentials (immediately before and after the line that marks the surface), corresponding to the Fermi level.





4. Results and Discussion


The AFM and SKP analyses in this study have shown emergent phenomena. The work functions or surface chemical potentials align in spite of any texture or mechanical stress introduced by the preparation of the surfaces or asymmetric oxidation. The cell rules the equalization of the surface potentials, even at an open circuit voltage (OCV), whereas one of the electrodes connects the cell through the insulator powder that disjoints both electrodes and fills the gap. Herein, we have used both the SHE and the Physical scales in Figure 2b to compare the surface chemical potentials. Figure 2c shows the potential energy Ep versus the polarization of the dielectric or ferroelectric; the most energetic configuration corresponds to both ends or opposite surfaces polarized with the same sign. The capacitance  C  is also shown for the different regions. This configuration for the potential energy is approximated to a quantum square barrier. As demonstrated herein, the dielectric with higher work functions than both the metallic electrodes will polarize, as shown in Figure 2c. With Fermi levels equalizing at interfaces metal1/dielectric/metal2, the dielectric material charges positively to compensate for the higher chemical potentials of the metal electrodes. A more negatively charged maximum in the inner surface of the dielectric balances the same sign polarizations at the interfaces with the metals. Nonetheless, if not enough time is given for the cell to relax with the dielectric, the polarization is straight and more negative on the interface with the Al or Zn (negative electrode), as commonly represented in the literature [33].



When the cell’s surface is scanned along 1.2 cm (Table 2), the equalization of the three surface chemical potentials is not always clear, but the tendency is observed. When the cell is scanned for >2.0 cm, the alignment is almost always demonstrated (schematics of Figure 2d and Table 2), especially when the cell is at OCV. Depending on the dielectric’s work function and resistance at the interfaces, the equalization of the surface potentials is obtained in different ways. The aluminum bends sharply for dielectrics ZnO [31], Li2O, Na3Zr2Si2PO12, or Li1.5Al0.5Ge1.5(PO4)3 or curves from the interface, with the surface chemical potentials passing through the point where the alignment between the three materials, electrodes, and dielectric is obtained. It is likely that the distance between the interface and the point at which the electrodes assume the same surface chemical potential as that of the interface is dependent on the quantum barrier/well or internal resistance at the interface (Figure 2d). The work function, including the surface potential, accounts for the surface chemical potential, which reflects the shape of the vacuum surface. For the insulators, the latter surface reflects the bending of conduction and valence bands (Figure 2d).



For other dielectrics such as MgO, which have demonstrated a slightly lower work function than electrically insulated aluminum, a sharp decrease in the surface chemical potential toward the equalization point happens at the Cu/MgO interface, mirroring the process for ZnO [31] at the ZnO/Al heterojunction. This result remits to the surface plasmons polaritons (SPP) and the electrostatic interactions throughout the surface of the cell characteristics of the insulator/metal interfaces [34]. Additionally, the present findings may be related to Rogue waves [35] observed in Al surface chemical potential when the insulator is MgO. The Rogue waves are solitons that allow for the equalization of the surface chemical potential at 0.60 V (Table 2), as shown hereafter.



Dielectrics. SiO2 is a well-known dielectric used in the gate of field-effect transistors (FET) since the 1950s, after the discovery of the suppression of the Si’s surface states by its presence. Silicon dioxide (Figure 1a, Table 1) is a very stable dielectric and is not hygroscopic in the present powder sizes. Although a non-polar dielectric with a low dielectric constant (εr  ≈  4), SiO2 polarizes to compensate for the difference in chemical potentials between the Cu and Al electrodes and itself, as shown in Figure 3, it is observed that at room temperature (~20 °C), the first SKP runs of the Al/SiO2/Cu cell, at OCV, and shows the SiO2 surface chemical potential to bend linearly and compensate for the difference in chemical potentials at the SiO2/Al more than at the SiO2/Cu (Figure 3a,b). The difference in chemical potentials between the Al and the dielectric is higher than the difference with the Cu. The latter preconizes the usual description of the role of an insulator in a solid-state device such as a FET. However, as observed in Figure 3c–f, as the SKP scans follow, the dielectric starts to polarize, and in SiO2, a positive–negative–positive polarization is then visible, as evident in Figure 3f for an experiment made with the Zn/SiO2/Cu cell. The dielectric changes from a behavior typically related to its band structure, reflected in band bending, to dielectric polarization with the formation of positive–negative–positive charged regions, which may be associated with the larger dielectric polarization relaxation time and eventually to the temperature of 36 °C (Table 2). More energy is available to overcome the    E a   , or the energy necessary for assuming a configuration that is not fully energetically favorable (Figure 2c and Figure 3d).



A sharp potential step is shown on both Cu/SiO2 and SiO2/Al heterojunctions, corresponding to internal resistances at the interfaces. These internal resistances are likely to justify the lack of a continuous equalization of surface chemical potentials Cu/SiO2/Al. For example, a heterojunction SiO2/Al equalizes its surface chemical potential with Cu, as shown in Figure 3c–f and represented in Table 2 by Cu…SiO2/Al and Zn/SiO2…Cu1…Cu2. The alignment seems to be more likely to occur at the absolute potential of the Cu, which is expected, as Cu is the electrode more often connected to the SKP.



The surface chemical potentials of each metal and the SiO2 are a little smaller (Physical scale, Figure 2b) when compared with the potentials obtained when the materials were analyzed and electrically insulated, as reported in [31].



The incapacity of making the metals’ surface chemical potentials vary toward equalizing their chemical potential at the interface, and in its immediate vicinity, is likely due to the internal resistance at the interfaces and within the oxide. However, the alignment is made through the action of the electric field away from one of the interfaces (Figure 3d,e).



Dielectrics. MgO possesses the smallest work function studied, smaller than Al (Table 2). It aligns almost continuously its surface chemical potential with Al, mirroring the alignment of ZnO with Cu in [31]. There is a slightly positively charged MgO/Al interface region (Figure 4a,b). The more negatively charged side of the MgO points towards the Cu when the connection to the SKP is made through the Cu (Figure 4a,b), which is the behavior of an n-type semiconductor such as ZnO. In the experiment corresponding to Figure 4c,d, the opposite happens even when the Cu is connected to the SKP, showing the expected insulator band bending with no n-type semiconductor features. The MgO does not seem to show negative-positive-negative polarized regions either. In other words, the dielectric polarization does not seem to have an influence, although it might be possible that it accounts for the behavior in Figure 4a,b. A stiff step Cu/MgO in Figure 4a,b indicates high interfacial resistance, which poses difficulties in equalizing the surface chemical potentials at the interfaces. The positively charged spike in Figure 4a,b on the surface chemical potential of Al allows for the Cu/MgO…Al surface potentials equalization (~0.60 V) and likely demonstrates the Peregrine Rogue solitons described in [36,37].



Dielectrics. Li2O has a work function with values in the interval between the Cu and the Al work functions. Therefore, it brings the surface chemical potential of the Al down when the Cu connects to the SKP, and it brings the Cu up when the Al is connected to the SKP, being able to exchange electrons with the instrument and keeping its chemical potential close to the one it shows when electrically insulated [31]. In both the latter configurations (Figure 5a–c), the Li2O shows a p-type semiconductor behavior. As underlined previously, Li2O is one of the most common SEI layer constituents that form in Li-ion batteries due to the equalization of the lithiated graphite with the liquid electrolyte electrochemical potential through electron tunneling from the graphite (LiC6) to the LUMO (lowest unoccupied molecular orbital) of the electrolyte with lower energy (Physical scale, Figure 2b). The Li2O then acts as a solid electrolyte, with the diffusion of Li+-ions happening through it. This latter behavior is in agreement with the p-type semiconductor behavior of the NASICON when connected to a resistor and of the LAGP at OCV and connected to a resistor, as observed herein.



Although not showing as stiff interfacial resistances as previously demonstrated by SiO2 and MgO, in the Cu/Li2O/Al of Figure 5d, there is a step in potential energy at the Li2O/Al heterojunction.



The electron localization function in Figure 5e, which was obtained for a (001) surface after optimization of the crystalline structure, shows delocalized electrons at the surface of the Li2O. Whereas Li2O is an insulator with an indirect gap of 5.286 eV, the surface states of the (001) surface show a metallic surface. It is noteworthy that Li2O (Fm-3m) was analyzed and shown to be a trivial topologic insulator [39]. This property may be related to the solid electrolyte interphase (SEI) layer role of the Li2O and allow battery cell interphase and interface tailoring (Figure 2a).



Solid Electrolyte. Na3Zr2Si2PO12–NASICON is a solid-state electrolyte.



The solid electrolyte, Na1+xZr2SixP3-xO12 known as NASICON, as reported previously, shows a rhombohedral phase (R-3c) between 0 ≤  x  ≤ 3, except 1.8 ≤  x  ≤ 2.2 [40] (SI, Introduction), where the monoclinic phase (C2/c) is stable at room temperature. The monoclinic C2/c phase, Na3Zr2Si2PO12, transforms into the rhombohedral R-3c phase in a gradual process as temperature increases and completes at ~150 °C [41].



In Figure 6a,b, the surface chemical potential of Na3Zr2Si2PO12 reflects a slight n-type band bending at OCV with an almost non-noticeable accumulation of electrons at the Cu/Na3Zr2Si2PO12 heterojunction and electron holes at the interface Na3Zr2Si2PO12/Al. When the circuit is closed by a resistor of 980 Ω, the Al surface opposed to the heterojunction with the NASICON increases its surface chemical potential with the electrons flowing from the negative electrode (Al) to the positive electrode (Cu) through the resistor. In a closed circuit, the band bending in Na3Zr2Si2PO12 configures a p-type semiconductor behavior, although it is much less pronounced, as observed in LAGP. It is noteworthy that NASICON shows an ionic conductivity of 10−4 S.cm−1 whereas LAGP shows > 10−3 S.cm−1 at room temperature. The latter property, the p-type semiconductor behavior, is likely related to the fast band bending promoted by the diffusion of the Li+ ions towards the Cu while the cell is set to discharge. Another common property observed in the solid electrolytes studied in this work, and Li2.99Ba0.005ClO shown in the supplement of [31], is the equalization of the surface chemical potentials of the two heterojunctions at the same potential; and, whereas for Li2.99Ba0.005ClO, the surface potential of the electrodes equalizes with that of the heterojunctions towards the inner electrode, in NASICON and LAGP, there is a quantum barrier/well corresponding to an internal resistance at the interfaces, especially at the interface solid electrolyte/Al reflected in the cell by a very low OCV (10 to 34 mV) for a Cu//Al cell with expected   Δ  V  O C   =    μ  A l −    μ  C u    e   (  P h y s i c a l   s c a l e  )  ≈ 1.1   V, having into account the SKP measured chemical potentials for electrically insulated materials. As with the other cells of the type metal1/insulator/metal2 studied so far, there is an emergency manifested in the equalization of the surface chemical potential of the electrodes and heterojunctions more frequently observed for the electrode connected to the SKP. The emergency also manifests as an extreme bending of the surface chemical potentials of the electrodes, especially if the electrode is Al.



Solid Electrolyte. Li1.5Al0.5Ge1.5(PO4)3, NASICON type structure, hereafter LAGP, is a solid state electrolyte. According to [42,43], LAGP demonstrates a relatively high ionic conductivity of 4.2 mS.cm–1 at room temperature. Furthermore, LAGP has an advantageous electrochemical stability window (1.8–7 V vs. Li+/Li) [44,45,46,47]. Figure 7 shows SKP’s surface chemical potentials for an Al/insulator/Cu cell with the insulator gap replaced by LAGP. A dielectric polarization with positive–negative–positive polarization regions was expected to be allowed by ion hopping; nevertheless, this was not what was observed. At OCV, the bending of the vacuum surface, a reflex of the bending of the    E C    and    E V    bands of LAGP, shows a p-type semiconductor behavior. The surface chemical potential of LAGP at the interface with Cu is lower than at the Al side, indicating a positive polarization near Cu, possibly by an accumulation of Li+-ions. This is the same effect as observed at Li2O/Cu as shown in Figure 5a–c. From the best of our knowledge, this is a new result and, as with the Li2O, it indicates that the solid electrolyte shows an accumulation of Li+-ions at the interface of the positive electrode, at OCV, and with which the electrons and cathode’s active material react while discharging with a resistor load (Figure 7c,d).



If the electrolyte shows other dielectric capabilities, then they likely happen at T > 36 °C, where the activation energy of more ions is overcome, and more Li+-ions hop faster.



A very clear bending of the Al surface chemical potentials, as well as the Cu’s at OCV, makes it possible to observe an equilibrium Cu1…Cu2/LAGP/Al1…Al2 within the extended cell (Table 2, Figure 7a,b). This latter value of the potential energy for all the materials of the cell may correspond to the Fermi level (Figure 2d and Figure 7). A significant interfacial resistance at the LAGP/Al interface, or potential barrier/well as discussed in [31], is characterized by a sharp step down of the surface chemical potential and may justify the difference between the expected OCV for a Cu//Al cell 1.1 V and the OCV obtained for Cu/LAGP/Al of 0.09 V (Table 2) [31].



When the Cu/LAGP/Al cell is connected to a 980 Ω resistor, the surface chemical potentials of the electrodes closer to the cell’s edges bend up upon electron circulation through the external circuit. The surface chemical potential of the Al grows at the border (Physical scale, Figure 2b) to a value that is much closer to the insulated Al SKP value; in other words, the work function decreases. Other features that seem rather consistent are the solitons or the surface plasma polaritons (SPP) wave-like behavior on the Cu electrode due to the Cu/LAGP contact.



The internal resistance, corresponding to potential barriers or wells, expressed in a step down of the surface chemical potentials at the interfaces metal/dielectric and metal/LAGP solid electrolyte, is responsible for very low OCVs and very high impedance. A high dielectric or solid electrolyte impedance favors straight band bending and n-type or p-type semiconductor-like behavior at room temperature instead of alternate dielectric polarization, which is achieved through higher mobility of the ions.



It is highlighted that LAGP’s granulometry is much smaller than NASICON’s, which may reflect on the internal impedance and not as much on the surface transport phenomena.



Solid electrolyte and ferroelectric. Li2.99Ba0.005ClO, herein Li+-glass, is a ferroelectric. Figure 8a–e shows the beginning of a flipping process that occurs between the Cu and Al’s surface chemical potential mediated by the Li+-glass. In Figure 8a,b, at the Cu/Li+-glass heterojunction, negatively charged plasmons alternate with positively charged, initiating their transport through the surface of the Li+-glass. Figure 8c–e show tunneling to the Al mediated through a positively charged plasmon soliton. It is noteworthy that at the end of the second cycle, self-charge had already occurred (ΔV = 0.14 V), and the Al surface chemical potential had visibly decreased whereas the Cu’s had increased (Physical scale, Figure 2b). Figure 8f–h show what the subsequent process is, where the Al surface chemical potential drops, equalizing the Cu’s and negatively charged plasmon solitons parallel to the interfaces (y-axis), traveling along the x-axis from the Cu to the Al electrode, and closing the feedback circuit through the inner cell (through the surface of the ferroelectric) [48]. Coherent plasmons tunnel from the Li+-glass to the Al electrode after tunneling from the Cu to the ferroelectric and propagating through its surface.



By performing cyclic voltammetry I-V (Figure 9a), it is possible to determine that after the SKP experiment, the cell remains polarized, presenting a current of 0.08 to 0.100 mA, at OCV, and after SKP analyses (0.77 ≤     V  O C    (V) ≤ 1.04). The internal resistance, R2 = 2.2 × 106 Ω (Figure 9b), corresponds to a conductivity through the surface of Li+-glass of 2.4 × 10−7 S·cm−1. It is noteworthy to highlight that semiconductors have conductivities between 10−8 and 102 S·cm−1, and the powders corresponding to a 5.5 mm thick layer of Li2.99Ba0.005ClO had diameters with µm-sizes and were relatively loose in the space between metals; the pressure exerted to contain the powders was manual and made with a spatula-like tool and, therefore, the real conductivity of the Li+-glass surface is much high than measured.



The Al/Li2.99Ba0.005ClO (Li+-glass)/Cu cell was the only one to show a potential difference that approximates the theoretical of 1.1 V; although due to the thick layer of ferroelectric electrolyte powder (5.5 mm) within the cell, with μm diameters manually pressed together, a much higher resistance was expected in the face of what was observed with the oxides and other solid electrolytes.



The self-charge happening even when the cell is connected to a resistor load is likely due to the inversion in surface chemical potentials of the electrodes while not manifesting an inversion of the bulk chemical potentials. This inversion enables drift-like plasmonic conduction in feedback through the surface of the electrolyte, enabling, therefore, self-charge. Previous results with ferroelectric electrolytes of the family A3−2xMxClO (A = Li, Na, K) show that the conduction of electrons through the surface is observed in hermetically closed pouch cells [26] and coaxial cells [49,50], leading to self-cycling and self-charging.



Ab initio simulations. Finally, Figure 10 and Figure 11 show the ab initio simulations of the surfaces with subsequent calculations of the work functions of the electrode metals, dielectric oxides, and solid electrolytes. All the results are in good agreement with the experiments (Table 2) except the Al (Figure 10b), which is able to vary its surface chemical potential through a wide range of values from −1.5 V, SHE (Figure 4c) to 0.60 V, SHE (Figure 4b). In [31], we show Al’s chemical surface potential to vary to +5 V (SHE).



It is noteworthy that we have simulated the electronic band structure for NASICON and LAGP (Figure 11a,c) because the materials are disordered, and therefore, they assume different possible structures. That is perhaps a reason contributing to LAGP electronic band structure not being widely accessible in the literature. For comparison, the structure of NASICON was also simulated.




5. Conclusions


This work aimed to show the differences between dielectric oxides and solid electrolytes, and among solid electrolytes, a ferroelectric electrolyte. It was not expected that a cell with hyperbolic dimensions could highlight these many differences.



Surface chemical potentials: the most impressive feature is that no matter what dielectric/solid electrolyte disjoints the two electrode metals, the surface chemical potential equalizes throughout a ~2.5 cm thickness cell due to the propagation of the electric field throughout the cell.



Surface chemical potentials of the metal electrodes: the metals have an unexpectedly high capacity to bend their surface chemical potentials and to propagate SPP solitons.



Surface chemical potentials of the insulators: the surface chemical potentials seem to be much more affected by the insulator that disjoints the two metal electrodes than the surface preparation or texture; they do not appear to depend too much on the particle size either. However, the particle size should influence the cell’s impedance.



Dielectric materials: SiO2, MgO, and Li2O may bend their surface chemical potential straight with the more negatively charged part closer to the negative electrode (Al), which is at a higher chemical potential than the positive (Cu). However, they can assume other configurations, such as those of an n-type (MgO) or p-type (Li2O) semiconductor.



Solid electrolytes: NASICON tends to polarize as an n-type semiconductor at OCV and as a p-type in a closed circuit, whereas LAGP polarizes as a p-type both at OCV and in a closed circuit with a resistive load.



Differences in dielectrics vs. solid-electrolytes: the difference between the LAGP and the previous dielectrics is that positive charge accumulates close to the interface with Cu creating a difference of 0.15 V over 630 μm; there is no considerable polarization of the LAGP surface potential on the Al side. It is likely that Li+-ions are just accumulated at the Cu side and not on the Al side, as the relative work functions would determine. The discharge reaction (spontaneous) happens at the positive electrode, with Li+ being delivered from the electrolyte and the electrons from the external circuit, which is in agreement with the surface chemical potentials observed with LAPG. This might be a common feature of solid electrolytes that do not accumulate being ferroelectric, which superimposes the condition of being a solid electrolyte.



The equalization of the surface chemical potentials of all the solid electrolytes, including the ferroelectrics, is made at both interfaces at the same energy, immediately or after the transient state, which to the best of our knowledge, is yet another novel result.



Ferroelectric solid electrolyte: The ferroelectric electrolyte, Li+-glass, is the only one capable of achieving electrical potentials that are close to the theoretical potentials (1.1 V) in a 5.5 mm gap cell, showing surface plasmon phenomena with micro to millimeter wavelengths correspondent to THz frequencies attributed to electronic phenomena, and capable of closing the positive feedback discharge/self-charge. The ferroelectric electrolyte is the only one that is able to invert the surface chemical potentials of negative and positive electrodes and yet store electrical energy without reverting the polarization of the cell.



Finally, ionic conductivity seems to have an important role as the efficiency of the cells with solid electrolytes increases with ionic conductivity. However, the dielectric constant follows the same trends as ionic conductivity, indicating that it is related to ionic conductivity in solid electrolytes and, generally, the most accurate indicator also present for dielectrics.



The present findings may have applications in batteries, capacitors, photovoltaics, thermo-electrics, transistors, metamaterials, and topologic insulators but also in novel device architectures that may harvest energy through topologic plasmonic feedback while storing it.
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Figure 1. Crystal structures for the studied insulators. Dielectric oxides: (a) SiO2 trapezohedral, P3221 (sg# 154); red spheres: O; (b) MgO cubic, Fm-3m, (sg# 225); wine-red spheres: O; (c) Li2O cubic, Fm-3m, (sg# 225); wine-red spheres: O; dielectric solid electrolyte: (d) room temperature Na3Zr2Si2PO12–NASICON, monoclinic, C2/c (sg#15); octahedral: ZrO6; tetrahedral: PO4/SiO4 sharing common corners; (e) Li1.5Al0.5Ge1.5(PO4)3–LAGP, rhombohedral, R-3c (sg#167); octahedral: AlO6/GeO6; tetrahedral: PO4; orange spheres: Li; yellow spheres: O. (f) Li2.99Ba0.005ClO–Li+-glass optimized structure using ab initio molecular dynamics at 300 K from the initial cubic structure Pm-3m (sg# 221). octahedral: OLi6; green-blue (small) sphere: Ba; green spheres: Cl. Note: the dielectrics were chosen due to their applications and relative work functions: WF(SiO2) > WF(Cu) > WF(Al), WF(Cu) > WF(Al) > WF(MgO), and WF(Cu) > WF(Li2O) > WF(Al). 
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Figure 2. (a) Schematic interplay of the constituents of a battery cell in operando; (b) absolute chemical potentials having as reference the standard hydrogen electrode (SHE) and the vacuum at 0 eV in the physical scale that relates more directly with the work functions of the materials; (c) potential energy    E p    showing positive polarization at both interfaces of a cell containing a dielectric. The maximum corresponding to the activation energy,    E a   , is a metastable configuration where both ends have equal polarization signs; (d) extended electrode highly resistive cells, where the contact is made difficult by quantum wells/barriers, and each electrode aligns the surface chemical potentials with the dielectric, independently; but, along the cell, there is at least one point for which all the chemical potentials equalize. The latter energy may correspond to the Fermi level or electrochemical potential. The internal contact happens through the electric field, made possible by SPP; (e) photo of a Zn/SiO2/Cu cell used to perform the SKP analysis when connected to a resistor. Note: the Al/insulator/Cu used had Al and Cu tapes connected to the resistor and SKP instrument to avoid additional heterojunctions. 
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Figure 3. Topography and surface chemical potentials for an Al/SiO2/Cu cell show different energies for the equalization of the surface chemical potentials of the heterojunctions Cu/SiO2, SiO2/Al, Al/SiO2, and Zn/SiO2: (a) straight band bending denoted by the SiO2 surface chemical potential when Cu was connected to the SKP; (b) straight band bending denoted by the SiO2 surface chemical potential when Al is connected to the SKP mirroring (a); (c–e) extended SKP analysis showing dielectric behavior of surface chemical potential of SiO2 and a positive–negative–positive polarization distribution on the Cu that transitions almost seemingly to the SiO2 polarized positive–negative–positive, and, finally, the Al positive-negative; (f) Zn/SiO2/Cu with positive–negative–positive polarization of the dielectric (SiO2). 
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Figure 4. Topography and surface chemical potentials for an Al/MgO/Cu cell show different energies for the equalization of the surface chemical potentials of the heterojunctions Cu/MgO, MgO/Al, and Al/MgO: (a,b) extended SKP analyses showing n-type semiconductor band bending denoted by the surface chemical potential of MgO when Cu was connected to the SKP; equalization of Cu/MgO surface chemical potentials with the Al’s is made through a positively polarized spike at the surface of the Al; (c) straight band bending denoted by the surface chemical potential of MgO when Al is connected to the SKP mirroring (a); (d) SKP analyses showing the differences for when the Al or the Cu are connected to the instrument. The electrode that is connected to the SKP is able to achieve similar surface chemical potentials to the absolute chemical potentials widely available in the literature represented by [38]; for example, Al reaches −1.45 V (SHE) in (c) for a tabulated value of −1.66 V (SHE) [38]. 
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Figure 5. Topography and surface chemical potentials for an Al/Li2O/Cu cell show slightly different energies for the equalization of the surface chemical potentials of the heterojunctions Cu/Li2O and Li2O/Al. (a,b) SKP analysis showing p-type semiconductor band bending of Li2O when Cu was connected to the SKP; (c) p-type band bending observed in the surface potential of Li2O when Al is connected to the SKP showing small interfacial resistance at both interfaces; (d) SKP extended analysis not showing a pronounced p-type semiconductor band bending but rather a flat surface chemical potential of Cu/Li2O with a step toward the Al, reflecting internal interfacial resistance; (e) electron localization function (ELF): isosurface (3D) (ELF = 0.28) and slice (2D) showing delocalized electrons (ELF = 0.50) at the (001) surface of Li2O. 
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Figure 6. Topography and surface chemical potentials for an Al/Na3Zr2Si2PO12–NASICON/Cu cell show just one energy for the equalization of the surface chemical potentials for both heterojunctions; (a,b) SKP analysis showing a slight tendency from Na3Zr2Si2PO12 to perform as an n-type semiconductor with smooth band bending when Cu was connected to the SKP at OCV; the cell also shows the extreme bending of the Al surface chemical potential towards equalization of the surface chemical potentials not achieved up to 2.4 cm; (c,d) Na3Zr2Si2PO12 p-type band bending while the cell is set to discharge when a 980 Ω resistor was connected closing the circuit. A potential difference of 0.03 V was then obtained between Cu//Al. The difference in surface chemical potentials between OCV and the closed circuit relates to the electrodes bending surface chemical potential, which is much more extreme at OCV; Na3Zr2Si2PO12 behaves as an n-type semiconductor with small band bending towards the Al at OCV and as p-type while set to discharge with the resistor manifested by slight band bending towards the Cu; SKP extended analysis displaying a pronounced interfacial internal resistance at NASICON/Al. We highlight that these experiments were executed at <40 °C, and therefore, the configuration of the cell’s surface chemical potentials at 50 °C—an optimal temperature for the performance of all-solid-state electrolytes in batteries—might differ. 
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Figure 7. Topography and surface chemical potentials for an Al/Li1.5Al0.5Ge1.5(PO4)3–LAGP/Cu cell show just one energy for the equalization of the surface chemical potentials for both heterojunctions, as observed with Na3Zr2Si2PO12; (a,b) SKP analysis showing clear p-type semiconductor band bending when Cu was connected to the SKP at OCV; they also show the extreme bending of the Al surface chemical potential towards equalization of the surface chemical potentials; (c,d) p-type band bending while almost showing no difference to the OCV configuration when a 980 Ω resistor was connected closing the circuit. A potential difference of 0.1 V was obtained between Cu//Al. The difference between OCV and the closed circuit relates to the electrodes bending. SKP extended analysis displaying a pronounced interfacial internal resistance at LAGP/Al. We highlight that these experiments were executed at <40 °C, and therefore, the configuration of the cell’s surface chemical potentials at 50 °C—an optimal temperature for the performance of all-solid-state electrolytes in batteries—might differ. 
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Figure 8. Topography and surface chemical potentials for an Al/Li2.99Ba0.005ClO (Li+-glass)/Cu cell; (a–e) SKP analysis showing evident propagation of the SPP parallel strips (solitons) from the Cu to the Al through the Li+-glass surface; (f–h) show different perspectives of the propagation of a plasmon solitons from the Cu electrode at higher potential (Physical scale) to the Al electrode at lower potential through tunneling, diffusion, and drift, when the circuit is closed by a resistor load; the Al is the electrode in contact with the SKP; there is not a considerable variation of the surface chemical potential of the Cu, but the Al dropped down to +0.93 V (SHE). 
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Figure 9. Cyclic voltammetry (CV) and impedance spectroscopy (EIS) for an Al/Li2.99Ba0.005ClO (Li+-glass)/Cu cell. (a) I-V plots (2 mV·s−1) showing initial polarization of 0.08 to 0.100 mA, at 25 °C, after SKP analyses (  0.77 ≤  V  O C    ( V )  ≤     1.04 )  ; (b) EIS plot showing the impedance of the cell at 25 °C; R2 = 2.2 × 106 Ω corresponding to a conductivity through the surface of Li+-glass of 2.4×10−7 S·cm−1. 
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Figure 10. Ab initio: average potentials for metal electrodes and dielectrics were obtained after the simulation of the corresponding surfaces after optimization of the corresponding crystal structures. The macro potentials correspond to integration over 10 Å; (a) for (001) simulated surface of Cu, and (b) for (010) simulated surface of Al; for (001) simulated surfaces of (c) SiO2; (d) MgO; (e) Li2O. Note: The (001) surface average potential for Al was obtained in [31]. 
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Figure 11. Ab initio: average potentials for solid electrolytes. The macro potentials correspond to integration over 10 Å; average potentials for (001) simulated surfaces and (a) electronic band structure of Na3Zr2Si2PO12 showing a band gap of 4.60 eV, obtained for the bulk superstructure (P1) using DFT; (b) average potentials for the (001) and (010) simulated surfaces of Na3Zr2Si2PO12; (c) electronic band structure of Li1.5Al0.5Ge1.5(PO4)3 showing a band gap of 4.04 eV, obtained for the bulk superstructure (P1) using DFT; average potentials for (001) simulated surface of (d) Na3Zr2Si2PO12; (e) Li1.5Al0.5Ge1.5(PO4)3; (f) Li2.99Ba0.005ClO (Li79BaCl27O27) Note: The (001) surface average potential for Al was obtained in [31]; the electronic band structures for Na3Zr2Si2PO12 and Li1.5Al0.5Ge1.5(PO4)3 were calculated for triclinic (P1) as these phases are disordered, and therefore have to be simulated in a superstructure although respecting atom positions, cell volume and shape. 
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Table 1. Physical properties of the studied dielectrics and solid electrolytes.
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	Material
	Type
	Dielectric Constant at RT and 0.1 Hz (εr)
	Ionic Conductivity at RT (S·cm−1)
	Refs.





	SiO2
	Dielectric
	3.9
	-
	[19]



	MgO
	Dielectric
	10
	10−36
	[20,21]



	Li2O
	Dielectric
	8–11
	10−12
	[22]



	Na3Zr2Si2PO12 (NASICON)
	Solid Electrolyte
	103–104
	10−4
	[23,24]



	Li1.5Al0.5Ge1.5(PO4)3 (LAGP)
	Solid Electrolyte
	-
	10–4–10–3
	[25]



	Li2.99Ba0.005ClO (Li+ glass)
	Ferroelectric Solid-electrolyte
	107–109
	10−2
	[26,27]
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Table 2. Physical information is extracted from AFM, SKP, electrochemical analysis, and ab initio simulations for the cell when the insulator is a dielectric oxide or a solid electrolyte. Note: calculated:    μ  C u     = +0.14 V, SHE [31]; experimental:    μ  C u     = +0.12 V, SHE; calculated:    μ  A l     = +0.25 [31] to +0.63 V, SHE; experimental:    μ  A l     = −1.01 V, SHE; calculated    μ  Z n     = −0.95 V, SHE [31]; experimental:    μ  Z n     = −0.42 V, SHE.
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Cell

Insulator:

d = 5.5 mm

S = 22 × 4.7 mm2

	
Circuit

Open OCV or close with an external resistance R

	
Heterojunction equilibrium

and correspondent

surface chemical potential

(it may include parts of the electrode away from the surface that equalize as well)

	
Heterojunctions surface chemical potential difference

(V)

	
Maximum surface potential difference for the

electrodes at the interface with the insulator

(V)

	
- Bulk potential difference for the cell

- Temperature

- Dew point, DP




	
Dielectric: SiO2 [ΔVSiO2(Cu) − ΔVSiO2(Al) = 0.60-(0.77) = 0.17 V Figure 3a; ΔVSiO2(Al) − ΔVSiO2(Cu) = 0.44–0.59 = −0.15 V] Figure 3b




	
Calculated surface chemical potential (ab initio), µ = +0.99 V, SHE; experimental: µ = +0.73 V, SHE




	
Cu/SiO2/Al

	
OCV

	
Cu1…Cu2/SiO2

0.22 V

	
0.36

	
0.65

	
--




	
Al/SiO2/Cu

	
OCV

	
Al1…Al2/SiO2

−0.15 V

	
0.36

	
0.73

	
--






	
Al/SiO2/Cu

	
OCV

	
SiO2/Cu1…Cu2

0.21 V




	
Cu/SiO2/Al

	
OCV

	
Cu1…Cu2/SiO2

0.44 V

	
0.53

	
0.59

	
Vi: 12 mV

Vf: 13 mV

38 °C

DP: <10 °C




	
Cu/SiO2/Al

	
OCV

	
Cu…SiO2/Al

0.09 V




	
Zn/SiO2/Cu

	
OCV

	
Zn/SiO2…Cu1…Cu2

−0.059 V

	
0.33

	
0.30

	
--




	
Zn/SiO2/Cu

	
OCV

	
SiO2/Cu

0.29 V




	
Dielectric: MgO [ΔVMgO(Al) − ΔVMgO(Cu) = −1.56-(−1.03) = −0.53 V; ΔVMgO(Cu) − ΔVMgO(Al) = −0.27-(−0.61) = 0.34 V] Figure 4d




	
Calculated surface chemical potential (ab initio), µ = −1.18 V, SHE; experimental: µ = −1.12 V, SHE




	
Cu/MgO/Al

	
OCV

	
Cu1…Cu2/MgO…Al

0.60 V

	
0.43

	
0.50

	
Vi: 9.5 mV

25 °C

Vf: 15 mV

36 °C

DP: <10 °C




	
Cu/MgO/Al

	
OCV

	
MgO/Al1…Al2

0.17 V




	
Al/MgO/Cu

	
OCV

	
Al1…Al2/MgO

−1.24 V

	
0.43

	
0.92




	
Al/MgO/Cu

	
OCV

	
Al1…MgO/Cu

−0.81 V




	
Cu/MgO/Al

	
OCV

	
Cu1…Cu2/MgO…Al

0.01 V

	
0.36

	
0.46




	
Cu/MgO/Al

	
OCV

	
MgO/Al

−0.35 V




	
Dielectric: Li2O [ΔVLi2O(Cu) − ΔVLi2O(Al) ≈ 0 V] Figure 5b,d




	
Calculated surface chemical potential (ab initio), µ = +0.058 V, SHE; experimental: µ = +0.074 V, SHE




	
Cu/Li2O/Al

	
OCV

	
Cu/Li2O…

0.13 V

	
0.26

	
0.37

	
Vi: 11 mV

Vf: 10 mV

25 °C

DP: <10 °C




	
Cu/Li2O/Al

	
OCV

	
Li2O/Al1…Al2

−0.13 V




	
Al/Li2O/Cu

	
OCV

	
Al1…Al2/Li2O

−0.36 V

	
0.23

	
0.42

	
--




	
Al/Li2O/Cu

	
OCV

	
Li2O/Cu

−0.13 V




	
Cu/Li2O/Al

	
OCV

	
Cu1…Cu2/Li2O

0.12 V

	
0.14

	
0.38

	
--




	
Cu/Li2O/Al

	
OCV

	
Li2O/Al1…Al2

−0.023 V




	
Solid electrolyte: Na3Zr2Si2PO12–NASICON [band bending as an n-type semiconductor, OCV] Figure 6a,b; solid electrolyte: [band bending as p-type semiconductor, R = 980 Ω] Figure 6c,d




	
Calculated surface chemical potential (ab initio), µ = −0.67 V (001) and −0.37 V (010), SHE; experimental: µ = +0.26 V, SHE




	
Cu/NASICON/Al

	
OCV

	
Cu1…Cu2/NASICON/Al

0.21 V

	
~0

	
0.64

	
Vi: 34 mV

Vf: 10 mV

34 °C

DP: <10 °C




	
Cu/NASICON/Al

	
980 Ω

	
Cu1…Cu2/NASICON/Al

0.004 V

	
~0

	
0.58

	
Vi: 29 mV

Vf: 30 mV

36 °C

DP: <10 °C




	
Solid electrolyte: Li1.5Al0.5Ge1.5(PO4)3–LAGP [band bending as a p-type semiconductor, OCV and R = 980 Ω] Figure 7




	
Calculated surface chemical potential (ab initio), µ = +0.81 V, SHE; experimental: µ = +0.52 V, SHE




	
Cu/LAGP/Al

	
OCV

	
Cu1…Cu2/LAGP/Al

0.25 V

	
~0

	
0.67

	
Vi: 13.47 mV

25 °C

Vf: 92.03 mV

35 °C

DP: <10 °C




	
Cu/LAGP/Al

	
980 Ω

	
Cu1…Cu2/LAGP/Al

0.23 V

	
~0

	
0.67

	
Vi: 92.73 mV

Vf: 0.100 V

36 °C

DP: <10 °C




	
Solid electrolyte and ferroelectric: Li2.99Ba0.005ClO–Li+ glass, Figure 8 (insulator thickness 5.5 mm)




	
Calculated surface chemical potential (ab initio), µ = +0.25 V, SHE; experimental: µ = +0.23 V, SHE




	
Cu/Li+glass/Al

	
OCV

	
Cu1…Cu2/Li+glass1…2

0.21 V

	
+0.25

	
+0.29

	
Vi = 1.14 V

Vf = 0.89 V

36 °C

DP: <10 °C




	
Cu/Li+glass/Al

	
OCV

	
Li+glass/Al1…Al2

−0.04 V




	
Cu/Li+glass/Al

	
OCV

	
Cu1…Cu2/Li+glass1…2

0.25 V

	
+0.13

	
+0.087

	
Vi = 0.89 V

Vf = 0.93 V

36 °C

DP: <10 °C




	
Cu/Li+glass/Al

	
OCV

	
Li+glass/Al1…Al2

0.12 V

	

	

	




	
Al/Li+glass/Cu

	
980 Ω

	
Al/Li+glass/Cu1…Cu2

0.25 V

	
−0.15

	
−0.68

	
Vi = 0.91 V

Vf = 0.94 V

36 °C

DP: <10 °C
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