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Abstract

Nuclear magnetic resonance (NMR) is a powerful technique for measuring atomic diffusion in lithium-ion conductors such as solid electrolytes and active materials. Since ion and electron fluxes inside the battery are governed by ion diffusion, the determination of the diffusion coefficient is essential. This section describes a method for determining the diffusion coefficient of a solid electrolyte using mainly pulsed field gradient (PFG) NMR. The diffusion coefficient of a perovskite solid electrolyte (Li0.29La0.57TiO3; LLTO) was determined. Tracer diffusion coefficient measured by isotope exchange and secondary ion mass spectrometry (SIMS), and conductivity diffusion coefficient measured by impedance spectroscopy were also applied for LLTO. PFG-NMR studies have revealed anisotropic diffusion of LLTO due to the two-dimensional crystal structure. SIMS studies show that grain boundary diffusion of LLTO is 10,000 times slower than bulk diffusion. The Haven ratio was shown to be 0.24 at the grain boundary compared to 1 in the bulk.
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1.1 Introduction

This section describes the diffusion measurements of solid materials using the nuclear magnetic resonance (NMR) method. There are two main methods for observing atomic diffusion in solids by NMR. The first method is to determine the correlation time of atomic motion by measuring the relaxation times (T1 and T2); the second method is pulsed field gradient NMR (PFG-NMR). The first method is based on the of Bloembergen-Purcel-Pound (BPP) theory for relaxation of nuclear magnetization 1. Basically, the temperature dependence of T1 is measured, the minimum value of T1 is found, and the correlation time τ is obtained from the relation  , where ω0 is Larmor frequency, and converted to the diffusion coefficient via Einstein–Smoluchowski equation 2, 3. The timescale of the τ is in the order of τ ~ 10-8 s, which corresponds to the ion hopping between sites. The second method is the PFG-NMR 4-7. In this method, magnetic field gradient pulses are used to label the Larmor frequencies of nuclear spins. These nuclei are diffused for a fixed time (Δ) and then refocused using the spin-echo sequence. In other words, it is a tracer diffusion measurement that tracks nuclear spins as labels. 8 The diffusion time Δ is on the order of 10 ms to 1 s. PFG-NMR observes macroscopic diffusion for longer times than relaxation time analysis. Tracer diffusion coefficients can also be measured using isotope exchange and secondary ion mass spectrometry (SIMS). 9-12  The relationship between ionic conductivity, PFG-NMR, and SIMS results will allow analysis of diffusion phenomena at various scales.

1.2 Diffusion and flux in solids

  A solid-state battery converts the chemical potential difference of electrodes (anode/cathode) into electrical energy. The charge/discharge current for battery operation is usually limited by the ion flux. As is well known, the diffusive flux in the presence of a concentration gradient is expressed by Fick's first law. 13



where J is the flux,  is the chemical diffusion coefficient, c is the concentration, and x is the distance. In chemical systems other than ideal solutions, the driving force for diffusion of each species is the gradient of chemical potential of this species. Then generalized Fick's law 13 can be written



where the index i denotes the species, kB is the Boltzmann constant, T is the absolute temperature, μ is the chemical potential. Di is the center-of-mass diffusion coefficient of chemical species i. The correction factor for  and Di is referred to as a thermodynamic factor 14. In addition, the flux of charged particles (ions) is also driven by the electric potential gradient (dϕ/dx). Using the Nernst-Einstein relationship 2 between ionic conductivity (σ) and conductivity diffusion coefficient (Dσ), the flux of ions in the electric field is written as follows.



where z is the valence and e is the elementary charge. The electrochemical potential may be used to summarize the Eq. (2) and (3). The above equation relates diffusion and flux. Thus, the way to increase the charge/discharge current is to increase the diffusion coefficient, concentration of chemical species, or electrode area.

1.3 Diffusion coefficient of solid electrolyte evaluated by NMR

Here we show results of diffusion measurements for polycrystalline Li0.29La0.57□0.14TiO3 (LLTO). LLTO is a material that exhibits high Li+ ionic conductivity (9×10−4 Scm−1, 300 K). 15, 16 The crystal structure is a perovskite structure (ABO3), which contains Li, La, and vacancies (□) at the A site and Ti at B site. Li+ ions in the vicinity of the A site by hopping into the vacant A site. Precisely, LLTO has a double perovskite structure with La-rich and La-poor layers, with La occupy 95.6% in the La-rich layer, whereas La occupy only 23.8% in the La-poor layer. 17 This crystal structure predicts a two-dimensional diffusion pathway 18 as shows in Fig. 1.1(a). 
In real LLTO sample, however, the anisotropy of ionic conductivity is quite small even in transparent single crystals 16. Ionic conductivity in the ab direction is about 1.2 times greater than in the c direction 16, 19. The reason for this small anisotropy is probably due to the presence of 90° domains in which La-rich layer rotates at the domain boundary. 20 Even transparent bulk single crystals have been found to have 90° domains of a few micrometers in size, which would average out the macroscopic diffusion anisotropy.
Therefore, we first show the microstructure. Fig. 1.1 (b) shows a laser microscopy of polycrystalline LLTO. The surface is polished and thermally treated. Crystal grains and grain boundaries, as well as voids and a second phase (TiO2) can be observed. Fig. 1.1 (c) shows the Euler map obtained by scanning electron microscopy (SEM) with electron backscattering diffraction (EBSD). Although the structure of LLTO is double perovskite, the EBSD analysis was simplified with cubic perovskite. Grain orientation and grain boundaries can be clearly distinguished from EBSD. Most grains are randomly oriented. Fig. 1.1 (d) shows the crystal phases attributed by EBSD. The green areas are perovskite LLTO and the pink areas are rutile TiO2. Fig. 1.1 (e) is a TEM image of a magnified LLTO grain. Contrast between bright and dark areas can be observed. The magnified lattice image confirms the presence of 90° domains as in the previous literature. 21 The size is several hundred nanometers.
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Fig. 1. 1 Microstructure of LLTO. (a) Crystal structure and expected diffusion direction of LLTO. (b) Laser microscope image after polishing and thermal etching, (c) Euler map showing crystal orientation of LLTO by SEM-EBSD, (d) identification of crystal phase by EBSD. Perovskite LLTO in green, rutile TiO2 in pink, (e) 90° domain observed by TEM. Reprinted with permission from 22. Copyright 2023 American Chemical Society.

[bookmark: _Hlk164709198]Fig. 1.2(a) shows the temperature dependence of the static 7Li NMR spectra of LLTO from 298 K to 793 K. The NMR spectra are composed of a sharp central peak (+1/2 to −1/2 transition) and a broad satellite peak (+3/2 to +1/2, −1/2 to −3/2). The central peak has narrowed by motional narrowing, while the satellite peaks remain broad. Fig. 1.2 (b) shows the temperature dependence of quadrupole coupling constant CQ, simulated using a randomly oriented solid quadrupole pattern. The satellite peak width CQ is determined by the interaction of the quadrupole moment of 7Li and the average electric field gradient at the Li site. 23 The quadrupole coupling constant CQ was investigated by first-principles calculations. The crystal configuration used in the calculations is shown in Fig. 1.2 (c). The bottleneck site is 0.4 eV more energetically stable than the A site. For the bottleneck site, the CQ is calculated to be 333 kHz. On the other hand, near the A site, the symmetry is better and the CQ is smaller, 26.4 kHz. As will be shown later, the local CQ differences are averaged out because the jump frequency is on the order of 100 MHz. Thus, the CQ is due to the average electric field gradient in the crystal experienced by the Li+ ions at several sites. The gradual decrease in CQ with increasing temperature may be due to changes in the occupancy of the bottleneck and A sites and the symmetry of the averaged Li+ ion environment; in the case of LLTO, as temperature increases, the TiO6 tilt angle decreases and a phase transition to the cubic phase occurs. 24 These changes would increase the average symmetry of the Li sites and consequently decrease CQ.
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Fig. 1. 2 Temperature dependence of 7Li NMR spectra of LLTO. (a) Static 7Li NMR spectra and simulation using the quadrupole patterns, (b) Temperature dependence of the quadrupole coupling constant CQ of the satellite peaks, (c) Crystal arrangement used to calculate CQ, (d) Arrhenius plot of relaxation time T1. Solid lines are fitting curves. Reprinted with permission from 22. Copyright 2023 American Chemical Society.

Fig. 1.2 (d) shows the temperature dependence of the relaxation time T1. The resonance frequency of 7Li is 155.4 MHz. When the T1 minimum is observed, the BPP model can be used to analyze the correlation time. The equation for the BPP relaxation is written as follows:



where τc is the correlation time, ω0 is the Larmor frequency, and C is a constant that depends on the mechanism of relaxation. Thermally activated temperature dependence of τc, , is assumed. Least-squares fitting resulted in the τ0 of 1.4 × 10−11 s and Ea of 0.11 eV. The relaxation mechanism is discussed and attributed mainly to dipole interactions (7Li−7Li and 7Li−139La nuclei). 25 Empirically, the τc obtained at the T1 minimum corresponds well to the long-range diffusion of Li+ ions. Diffusion coefficients (Dlocal) were estimated from correlation times using the following Einstein-Smoluchowski equation



[bookmark: _Hlk165062886]where, l is the jump distance, d is the dimension of diffusion. For l and d, the distance between A sites (3.87 × 10-10 m) and three dimensional diffusion for polycrystalline are assumed, respectively. Then, Dlocal is calculated to be 1. 28×10−7 cm2s−1 at 333 K. This value is close to the value DNMR = 9.2 × 10−8 cm2s−1 (333 K) measured by PFG-NMR. This result indicates that short-range (site-to-site hopping) and long-range (μm order) diffusion of Li+ ions occur by the same mechanism. In other words, the effect of the 90° domain boundary on long-range diffusion is small.
Next, we show the results of PFG-NMR. A stimulated echo pulse sequence is schematically shown in Fig. 1.3(a). For a homogeneous diffusing species, the echo signal intensity decays according to Stejskal-Tanner equation, 4



where S/S0 is the intensity ratio of the echo signal, DNMR is the PFG-NMR diffusion coefficient. Value b is defined as  , where γ is the gyromagnetic ratio, g is the magnitude of the magnetic field gradient, δ is the duration of the magnetic field gradient pulse, and Δ is the diffusion time. 
Fig. 1.3 (b) shows a plot of the b vs. log of the echo intensity. Notably, the decay plot is curvilinear, rather than linear as predicted from Eq. (6). Here, a two-dimensional diffusion model expected from the crystal structure of LLTO is used to interpret the curvature. When the two-dimensional diffusing crystals, comprising two diffusion components, Dx (=Dy) and Dz, are randomly oriented, the PFG echo signal is obtained by averaging the element over all the solid angles. As a result, the following equation can be derived 26



[bookmark: _Hlk165140498]The fitting result using Eq. (7) is shown by the solid lines in Fig. 1.3(b), in which the Dx of LLTO is determined to be 6.1×10－7 cm2 s−1 at 393 K. On the other hand, the Dz  is 3.3×10－8 cm2 s−1 at 393 K. Fitting results showed that Dz is 18 times larger than Dx.
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Fig. 1. 3 PFG-NMR measurements of LLTO. (a) Schematic of the stimulated echo pulse sequence. (b) Echo decay plot measured with g as a variable. Temperature is 393 K and Δ is 100 ms. Reprinted with permission from 22. Copyright 2023 American Chemical Society.

[bookmark: _Hlk128668395]Figures 1.4 (a) and (b) show PFG echo decay plots measured in the temperature ranges 298-393 K and 493-693 K, respectively. Anisotropic diffusion is evident in all temperature ranges. Neutron diffraction experiment showed that the La occupancy in the La-rich layer of Li0.2La0.6TiO3 remains above 96 % between 5 K and 773 K. 24 Therefore, the anisotropic long-range diffusion of LLTO does not change at high temperatures is reasonable. Figure 1.4 (c) shows an Arrhenius plot of DNMR, together with the Dσ calculated from the bulk ionic conductivity of LLTO. Despite the complex microstructure of LLTO, DNMR and Dσ agree well with each other. The Haven ratio (HR ≡ DNMR/Dσ) of LLTO is close to 1, in contrast to the value of 0.4 observed for garnet-type solid electrolytes. 6 This can be attributed to the small concerted motion effect of the Li+ ions. The AIMD simulation 27 of LLTO suggests that the activation energies between a Li+-ion single jump and concerted jump are near-identical. Above 450 K, the activation energy changes, and both DNMR and Dσ show non-Arrhenius behavior. The experimental results show that the non-Arrhenius conductivity in LLTO is due to changes in mobility and not the number of carriers.
A relationship between the tilt angle in the perovskite structure and the activation barrier has been proposed. Varez et al. emphasized the relationship between the tilt angle of TiO6 octahedra and the change in activation energy. 28  The rotational motion of TiO6 promotes hopping of the Li+ ions and thus, the smaller is the tilt angle, the lower is the activation energy. 29 Both the activation energy obtained by PFG-NMR and the CQ observed in the static NMR support the local environmental change associated with the variation in the tilt angle.
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Fig. 1. 4 Temperature dependence of the diffusion coefficient of LLTO. PFG echo decay plots for temperature ranges of (a) 298–393 K and (b) 493–693 K. Solid lines indicate the fitting using Eq. (6). (c) Arrhenius plots of  and . Reprinted with permission from 22. Copyright 2023 American Chemical Society.

1.4 Diffusion measurement using isotope exchange and SIMS
Here we show diffusion coefficients obtained by methods other than NMR, the tracer diffusion method using isotope exchange and SIMS analysis. The advantage of isotope exchange experiments is that isotope migration can be directly observed. Experiments using radioactive tracers have a long history but are difficult to handle. Therefore, stable isotopes are used recently. The natural abundance of the stable lithium isotopes 6Li and 7Li are 0.076 and 0.924, respectively. Most lithium ionic conductors show high diffusivity even at room temperature, requiring special experimental conditions. Currently, neutron radiography 30, SIMS imaging 9, 12, and NMR imaging 31, 32 are known as imaging methods to distinguish between 6Li and 7Li.
Figure 1.4 shows a LLTO solid electrolyte immersed in a 6LiNO3 solution for isotope exchange, followed by SIMS imaging to visualize the 6Li isotope distribution. Isotope exchange is carried out at 295 K for 59 h, then quenched and maintained at 163 K to freeze Li diffusion. The fraction of 6Li (= 6Li/(6Li+7Li)) changes from the bottom to the top of the LLTO. SIMS images show that the 6Li concentration changes rapidly at the grain boundaries rather than in the bulk. Experimental results show that the grain boundary diffusion is slower than the bulk diffusion in solid electrolytes with fast diffusion pathways such as LLTO. Note that the SIMS resolution is 1 μm and the bulk diffusion is an average that includes multiple 90° domains. Fig. 1.4 (b) presents a SIMS image after another 16 days of diffusion at 295K. The distribution of 6Li is homogenized by diffusion, but the 6Li concentration still varies stepwise at the grain boundaries. Assuming that the flux across the grain boundary is equal and that the grain boundary thickness is 0.5 nm, the grain boundary diffusion coefficient (D*gb) is calculated to be five orders of magnitude smaller than the bulk diffusion coefficient (D*bulk). 12 Figure 1. 4 (c) shows the long-range SIMS line profiles. The profiles are analyzed by the diffusion equation to quantitatively determine the effective diffusion coefficient (D*eff), which includes the grain boundary and the bulk diffusion coefficients. 12

[image: ]
Fig. 1. 4 SIMS imaging of polycrystalline LLTO with 6Li exchanged from the bottom of the sample by liquid 6LiNO3 solution. (a) immediately after the isotope exchange for 59 hours and (b) after 16 days storage at 22°C. The contour color map is shown as 6Li/(6Li+7Li) ratio. (c) SIMS line analysis of the LLTO. Reproduced from Reference 12 with permission from the Royal Society of Chemistry.

Fig. 1.5 (a) shows a complex impedance plot of LLTO at 300 K, where the vertical and horizontal axes represent the real and imaginary parts of the impedance. As blocking electrodes, thin Au films are sputtered onto the LLTO. The impedance can be separated into bulk and grain boundary components at 50 kHz. 33 Furthermore, a blocking effect is observed below 500 Hz. As can be seen from SEM-EBSD, the volume fraction of the bulk is much larger than that of the grain boundaries. However, because of the very low grain boundary diffusivity (D*gb), the effective resistance of LLTO is greater at the grain boundaries than in the bulk. The bulk resistance includes the effects of randomly oriented anisotropic crystals and 90° domains, which are difficult to separate by the impedance method. To understand the ionic conduction mechanism, complementary techniques such as NMR and SIMS should be used effectively. 
Fig. 1. 5 (b) compares conductivity diffusion coefficients for bulk (Dσ, bulk) and total (Dσ, total) with PFG-NMR (DNMR, bulk) and tracer diffusion coefficient (D*total) in an Arrhenius plot. In the bulk, Dσ, bulk and DNMR, bulk results are in very good agreement. In contrast, for the total values including grain boundaries, Dσ, total and D*total, shows different values. When the bulk part is subtracted from total, the Haven ratio is found to be 0.24 for the grain boundary diffusion coefficient. The concerted motion between Li+ ions may have a significant effect at the grain boundary. These measurements are useful for discussing the details of the diffusion mechanism in comparison with molecular dynamics simulations. Techniques such as neutron quasi-elastic scattering 19 and muon spin relaxation  34 are also powerful techniques to reveal diffusion mechanisms at various time scales. Local structure analysis by solid-state high-resolution NMR is also a powerful tool, although it could not be described in detail, several results 35-38 have been achieved in the “Interface IONICS”.
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[bookmark: _Hlk165907471][bookmark: _Hlk165232027]Fig. 1. 5 (a) Complex impedance plot of LLTO (300 K): bulk and grain boundary resistances can be distinguished. (b) Arrhenius plots of diffusion coefficients, where Dσ is conductivity diffusion coefficient determined from impedance spectroscopy, DNMR is determined by PFG-NMR, D*eff is the effective tracer diffusion coefficient determined from SIMS line analysis, D*gb is the grain boundary diffusion coefficient obtained from SIMS imaging. Reproduced from Reference 12 with permission from the Royal Society of Chemistry.

Conclusions

The diffusion coefficient measured by PFG-NMR and its application to solid electrolytes is described. PFG-NMR has revealed an anisotropic diffusion due to the two-dimensional crystal structure of perovskite solid electrolytes. DNMR is in very good agreement with the Dσ, bulk and show a non-Arrhenius temperature dependence. Local motion (Dlocal) estimated from correlation times obtained from T1 measurements correspond well with macroscopic DNMR. SIMS and conductivity measurements indicate the importance of grain boundary as well as bulk diffusion coefficients. Since the diffusion of Li+ ions in LLTO are strongly related to the microstructure, it is important to analyze ion dynamics on various time and spatial scales.
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