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Abstract 

Charge transfer and mobility are essential for electrochemical processes in batteries, which 

need to be understood in detail for optimization, especially in the case of all-solid-state 

batteries. Wide line NMR is well-known in solid-state NMR and allows the quantification of 

ion mobility in ordered crystalline and amorphous structures. Temperature-dependent 23Na-

NMR is sensitive to ion mobility via longitudinal relaxation, but also via line analysis and 

transverse relaxation. As 23Na is a spin 3/2 nucleus, 23Na-NMR is also susceptible to electric 

field gradients caused by their nearest neighbor environment and, therefore, reflects not only 
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the mobility of 23Na+ but also the molecular dynamics in the neighborhood, which are 

investigated in this paper. The named NMR methods were explored to study 23Na+ mobility in 

the solid electrolytes NaSICON (sodium (Na) Super Ionic CONductor, here Na3.4Zr2Si2.4P0.6O12), 

the salt NaTFSI (sodium bis(trifluoromethyl sulfonyl)imide), as well as in the polymer-based 

electrolytes PEO-NaSICON, PEO-NaTFSI, and PEO-NaTFSI-NaSICON. 

Keywords  

Wideline NMR; transverse relaxation; solid electrolyte; ion mobility; NaSICON; NaTFSI; PEO-

composite polymeric electrolytes CPE 

 

1. Introduction 

Solid electrolytes are a prospective alternative to liquid electrolytes [1] for Lithium (Li) and 

Sodium (Na) batteries. Degradation phenomena such as leakage or dendrite growth are significantly 

reduced, which are a constant threat in established battery systems [2]. Therefore, solid electrolytes 

promise prolonged cycle life [3, 4], which is especially crucial for batteries in stationary energy 

storage applications. In the past, different types of electrolytes have been studied: Inorganic 

ceramic electrolytes (ICE), solid polymeric electrolytes (SPE), and composite polymeric electrolytes 

(CPE). Examples of Na+-conducting ICE are NaSICONs as Na3.4Zr2Si2.4P0.6O12, while the salts NaTFSI 

and NaFSI are used in SPE and CPE [5-9]. Ceramic electrolytes feature high ionic conductivity but are 

brittle. Solid polymeric electrolytes offer good mechanical flexibility and good contacting while 

suffering from low ionic conductivities, especially at ambient temperature due to the lower ion 

mobility caused by interactions of Na+ with the oxygen in PEO (poly (oxyethylene) or poly (ethylene 

oxide)). In summary, solid polymer electrolytes contain dissolved salts for Na+ conduction, while 

inorganic ceramic electrolytes possess an intrinsic Na+ conductivity. 

Composite polymer electrolytes incorporate inorganic salts or ceramics in a polymer host matrix, 

combining the advantages of both classes of solid electrolytes [6]. Generally, the polymer matrix is 

solvent-free and contains Na-containing substances, here NaTFSI or the NaSICON Na3.4Zr2Si2.4P0.6O12. 

The polycrystalline structure of Na3.4Zr2Si2.4P0.6O12 is a mixture of a rhombohedral and a monoclinic 

phase [10]. The NaTFSI crystal structure is monoclinic [11]. These prevalent materials are used as 

active fillers in CPE for SIB (sodium ion battery), as described for example in reference [6]. While 

NaSICONs as a ceramic will preferentially be distributed as particles in the PEO network, the salt 

NaTFSI will preferentially be dissolved, leading to direct ionic conductivity. Temperature, i.e., the 

state of PEO, will influence the ion's mobility in the network [12-16]. 

An important measure to assess the performance of battery materials is the solid-state diffusion 

coefficient in the solid electrolytes. A reliable measurement of these diffusion coefficients in battery 

materials also fosters the parameterization of battery models. Such models are crucial for studying 

otherwise hardly detectable processes inside a battery at convenient temperatures and are 

inevitable for the accelerated development of advanced battery systems. 

Given the increasing demand for large-scale energy storage, there is a strong interest in replacing 

the established Li+-ion technology with technologies comprising more abundant materials like Na. 

The ion sizes of Na+ (0.102 nm) compared to Li+ (0.076 nm) significantly differ, requiring 
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investigations of the material properties. Na+ mobility facilitates the endeavor of finding high-

performance solid electrolytes for all-solid Na+ batteries (AS-SIB). However, reliable values of the 

solid-state diffusion coefficient, or more generally, the ion’s mobility, are hardly available. The 

spread is large and depends on the measurement technique as well as on data treatment, often 

based on assumptions (for example, reported coefficients range from 10-17 m²/s [17] to 10-10 m²/s 

[18] at room temperature for the diffusion coefficient of Li+ in graphite). 

NMR is well known to be a suitable analytical tool to study ion mobility in solids. While the 

translational mobility in liquids is often studied by pulsed field gradient NMR leading to diffusion 

coefficients in hindered, restricted and free environments [14, 19-26], mobility in solids is most 

often addressed by relaxation studies [27-33]. Usually, the maximum of the longitudinal relaxation 

rate as a function of temperature T, R1, max(T), is considered, where the correlation time τc is known 

to be equal to the inverse Larmor frequency within the 3D BPP model [30, 34-37]. The activation 

energy ΔEa of the ion’s mobility can then be deduced in the solid. 

The relaxation approach is in the focus of the investigations to quantify Na+ low-frequency 

fluctuations in the diverse environments of a ceramic, a salt, and the corresponding CPE based on 

PEO: Line width δν(T) and transverse relaxation R2(T) are studied instead of R1(T) or the spin lock 

relaxation R1ρ(T) [38] in a temperature range relevant for battery application. Using a BPP-like model 

with spectral densities for 2D and 3D hopping for R2(T), including quadrupolar interactions similar 

to [39], will lead to the activation energy of the ion mobility, assuming that the ions take specific 

sites in the lattices given by energy minima. The dimensionality of Na+ hopping in the composites is 

under discussion [30, 31]. Therefore, both approaches will be applied and compared: 2D hopping 

needs a different spectral density and is compared to the 3D approach [38, 40]. An effective solid-

state Na+ diffusion coefficient can be calculated within the frame of thermal activation by estimating 

the distances between the sites along the morphology. This methodology is applied to Na+ in a 

NaSICON, specifically Na3.4Zr2Si2.4P0.6O12, and NaTFSI. The NMR methods allow for the study of the 

impact of the PEO (poly (ethylene oxide)) network on the ion mobility of ceramics and salt dispersed 

in PEO. 

2. Materials and Methods 

2.1 Materials and Synthesis  

In this paper, the Na+ conductor Na3.4Zr2Si2.4P0.6O12 (NaSICON) was investigated as powder and 

as a dense pellet. It was synthesized employing the solution-assisted solid-state reaction (SA-SSR) 

technique, as outlined in [41]. Stoichiometric amounts of NaNO3 (Merck, ACS grade), ZrO(NO3)2 x 

H2O (Sigma-Aldrich, technical grade), Tetraethyl orthosilicate (Merck, ≥99% purity), and NH4H2PO4 

(Merck, ACS grade) were dissolved in deionized water, leading to the formation of a gel. This gel was 

subsequently dried at 80°C, followed by calcination at 800°C for 4 h. Using a tumbling mixer, the 

calcined material was then ball-milled in an ethanol medium with zirconia milling balls measuring 3 

and 5 mm. Once milled, the powder was dried and compacted to form 13 mm diameter cylindrical 

pellets at 100 MPa or directly exposed to a sintering process at 1260°C for 6 h. Post-sintering, any 

larger agglomerates were manually reduced using a mortar grinder. 

NaTFSI (Solvionic, France) as well as the dispersion of Na3.4Zr2Si2.4P0.6O12 in cross-linked PEO 

(bought from Alroko GmbH) was investigated. PEO cross-linking was realized via UV irradiation of 

Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure819, BASF) which was dissolved in PEO. 
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The number of repetitions of PEO monomer units is about 230 units, and the average molecular 

weight Mw = 100 kg/mol with a polydispersity (Mw/Mn) = 2 (Mn: number related average molecular 

weight). The solid polymer and composite electrolytes were prepared by tape-casting the solution 

onto a PTFE sheet. The solvent Acetonitrile (Anhydrous, Sigma-Aldrich) was used for slurry 

preparation and subsequent tape casting. The solvent was stored under an argon atmosphere and 

further dried over molecular sieves. The solvent evaporated at room temperature after tape-casting 

the slurry onto a PTFE sheet. After evaporation, the solid polymer/ceramic composite electrolytes 

were dried under vacuum at 80°C inside the vacuum chamber attached to the glovebox for at least 

20 h. 

To quantify any residual solvent in the electrolyte, the samples were heat treated for different 

times (4 h, 8 h, 24 h, 48 h) inside the vacuum chamber at the abovementioned conditions. The 

samples were weighted on a precision scale before and after the heat treatment. A correlation 

between the duration of heat treatment and weight loss due to solvent evaporation could not be 

established. While this does not prove that no residual solvent is still inside the electrolytes, the 

amount still left inside is relatively low.  

Scanning electron microscopy (SEM, supplementary information) also was applied to investigate 

the composite electrolytes. Top-view and cross-section observations revealed that the NaSICON 

particles are homogenously distributed in the polymer electrolyte. NMR results on PEO with 50% 

(weight) Na3.4Zr2Si2.4P0.6O12 and on PEO20NaTFSI (with n = 20, defined as n = [EO units]/[Na]), show 

that the PEO mobility influences the ion mobility. 

2.2 Experimental 

2.2.1 NMR Experiments: Background and Pulse Sequences 

Different NMR pulse sequences (Figure 1) were employed to investigate the transverse 

relaxation of the central (mz: -1/2 ↔ 1/2) and the satellite transitions (-3/2 ↔ -1/2, 3/2 ↔ 1/2) 

[42], whereby mainly low-frequency fluctuations of interactions in the range of kHz determine 

transverse relaxation. 23Na-NMR measurements were performed using the pulse sequence 

parameters in Table 1. The pulse sequences differ in their refocusing properties, leading to 

potentially different transverse relaxation rates. This approach allows additional insight into the ion 

mobility in solid-state electrolytes. In short, static magnetic interactions are refocused in a Hahn 

echo (HE) experiment. In contrast, the solid echo (SE) is known to refocus interactions bilinear in 

the spin quantum number [42-44], namely quadrupolar and dipolar interactions. The π/2-β 

experiment (PB) is known to refocus the magnetization of satellite transitions, leading to a 

maximum in echo amplitude at β = 64° [38, 45, 46]. For the present case, the optimized version is 

the quadrupolar echo (QE), where the quadrupolar transients are diminished due to an optimized 

refocusing pulse (η) and a dedicated phase cycle [47-49] (Table 1). The NMR signals are, therefore, 

differently weighted, which also shows up in the dependence of the signal integral on the echo time 

τ. The differences thus reflect the respective contributions of magnetic interactions and interactions 

bilinear in the nuclear spin. This is true for static interactions, while the fluctuating interactions need 

a more detailed consideration of the respective time scales of fluctuations and experiments. The 

theoretical description and the relevant time scales of the fluctuations can be found for example in 

references [43, 44]. 
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Figure 1 Pulse sequences for transverse relaxation: Hahn-echo (A), solid-echo (B), π/2 -

β experiment (C) and quadrupolar echo (D), the refocusing properties depend on the 

second rf-pulse and the phase cycle [50]. 

Table 1 Parameters of the applied 23Na-NMR-experiments on SIB electrolytes. 

 Hahn echo (HE) Solid echo (SE) 

π/2 - β 

experiment,  

β = 64° (PB) 

Quadrupolar 

echo (QE) 

Temperature T [K] [297, 407] 

90° Pulse  

7 µs @ 20 W for NaTFSI, PEO20 + NaSICON + NaTFSI and  

PEO20 + NaTFSI, 

18.25 µs @ 11.75 W for Na3.4Zr2Si2.4P0.6O12, 

11 µs @ 20 W for PEO + NaSICON, 

respectively optimized 

Averages [8, 20] 

Repetition time TR [s] [1, 5] 

Echo time τ [µs] [65, 5646] [47, 5627] [62, 5622] [43, 3027] 

phase cycle: 

Preperation 
[x, y, -x, -y] 

[x, -y, -x, y,  

x, -y, -x, y] 

[x, -y, -x, y,  

x, -y, -x, y] 

[x, x, x, x,  

y, y, y, y,  

-x, -x, -x, -x,  

-y, -y, -y, -y] 

Refocussing 

[x, x, x, x, 

 y, y, y, y,  

-x, -x, -x, -x,  

-y, -y, -y, -y] 

[-y, -x, y, x,  

y, x, -y, -x] 

[-y, -x, y, x,  

y, x, -y, -x] 

[x, y, -x, -y,  

x, y, -x, -y,  

x, y, -x, -y,  

x, y, -x, -y] 

Acquisition 
[x, -y, -x, y,  

-x, y, x, -y] 

[-y, -x, y, x,  

-y, -x, y, x] 

[-y, -x, y, x,  

-y, -x, y, x] 

[-y, y, -y, y,  

-x, x, -x, x,  

y, -y, y, -y,  

x, -x, x, -x] 
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Echo times were incremented in the given ranges (Table 1) to measure the transverse 

magnetization relaxation decays, i.e. the rates, as a function of T. Care was taken to measure the 

decays down to the noise level while not neglecting the fast-relaxing contributions. 1H-NMR FID’s 

were measured in addition to correlate the PEO polymer mobility to the observations of 23Na in CPE. 

The following parameters were used for 1H: 90° pulse 9.8 µs @ 11 W with a repetition time of 3-5 s. 

16 averages were added, and T was in the range of 300-407 K. 

2.2.2 Raw Data Processing 

The measured NMR raw data must be condensed and modeled to reveal interesting material 

parameters. The transverse magnetization decays were obtained by numerical integration of the 

spectra. The thus determined amplitudes as a function of echo time, A(τ), were modeled by either 

exponential, Gaussian, or combined functions depending on the properties of the decays. For liquids, 

the transverse relaxation rates R2 are most often obtained by fitting exponential functions to the 

data: 

𝐴(𝜏) = 𝐴 exp(−𝑅2𝐸𝜏) (1) 

The transverse magnetization decays follow not necessarily an exponential decay in solids but 

instead adopt a Gaussian shape [43, 44]: 

𝐴(𝜏) = 𝐴 exp(−(𝑅2𝐺𝜏)2) (2) 

The choice of the model in the present case was not only determined by the numerical accuracy 

but by the interpretability, the appearance, and the shape of the decays (Figure 2). Depending on 

the pulse sequence, the measured data were modeled accordingly, most often by functions with 

two contributions. The subscripts indicate the respective mathematical function (E or G). A slight 

offset was allowed in all cases which, strictly speaking, is wrong, but allowed a numerically perfect 

description of the measured magnetization decays. Please note that temperature and the named 

NMR pulse sequences span the parameter field for the investigations of the solid electrolytes. 

 

Figure 2 Exemplary magnetization decays of the sodium electrolytes as measured by PB, 

SE, and HE at 327 K. The shape of the decays reflects the fluctuating spin interactions at 

the given refocussing properties of the pulse sequences. Biexponential (SE, NaSICON) as 

well as bi-Gaussian (HE, NaTFSI) and mixed decay functions (PB, PEO + NaTFSI) were 

used. 
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2.3 Models for NMR Transverse Relaxation and Line Width as a Function of Temperature 

The NMR characteristics transverse relaxation rates R2 and line width δν are known to reflect 

material properties in the low-frequency range of fluctuations. They are often recorded as a 

function of T. Already in the frame of relaxation theory by Bloembergen, Pound, and Purcell [42, 51], 

the measured parameters were modeled in terms of magnetic and quadrupolar interactions, which 

is the basis for observing reorientation, hopping, and other phenomena like phase transitions. The 

corresponding equations are sketched in the following for 3D and 2D fluctuations. 

In general, 23Na R2 is the sum of fluctuating quadrupolar and magnetic contributions [42, 52-54]. 

Examples of the latter are fluctuations of chemical shift anisotropy, paramagnetic contributions, 

and homo- and heteronuclear dipolar interactions. As the time scales of fluctuations are in the focus 

rather than the details of nuclear spin interactions, we summarize the magnetic interactions in an 

effective parameter ΔωM. The quadrupolar interactions are summarized in the corresponding 

parameter ΔωQ. The transverse relaxation rate can then be modeled considering the contributions 

of fluctuations in the frequency range of line width Δω, of Larmor frequency ωL and 2ωL: 

𝑅2 = 𝑅2𝑀 + 𝑅2𝑄

=
1

40
Δ𝜔M

2[3𝐽(𝜔L, 𝜏𝑐) + 4𝐽(Δ𝜔, 𝜏𝑐)] +
3

40
Δ𝜔Q

2 [
9

5
𝐽(Δ𝜔, 𝜏𝑐) + 8𝐽(𝜔L, 𝜏𝑐) +

31

5
𝐽(2𝜔L, 𝜏𝑐)]

= 𝑎𝐽(Δ𝜔, 𝜏𝑐) + 𝑏𝐽(𝜔L, 𝜏𝑐) + 𝑐𝐽(2𝜔L, 𝜏𝑐) (3)

 

As the 23Na spectra of the investigated samples were rather unspecific and broad, the magnetic 

and quadrupolar interactions can hardly be quantified separately. This fact led to the less specific 

formulation of equation (3) focusing on the correlation time τc. This approach nevertheless allows 

the determination of the time scales, i. e., the 23Na mobility: The time scales of the interaction’s 

fluctuations are given by the spectral densities J(ω, τc) at a frequency ω. J(ω, τc) is chosen as a 

Lorentzian function for 3D fluctuations: 

𝐽(𝜔) =
2 𝜏𝑐

1 + (𝜔𝜏𝑐)2
(4) 

In the case of dominantly 2D interaction fluctuations or 2D hopping, the spectral density is given 

by the following equation ([38, 40] and references therein), while 1 < β < 2: 

𝐽(𝜔) = 𝜏𝑐 ln (1 +
1

(𝜔𝜏𝑐)𝛽
) (5) 

Often, fluctuations in solids are modeled as thermally activated, and an Arrhenius approach with 

an activation energy ΔEa consequently describes the correlation times: 

𝜏𝑐 = 𝜏𝑐0 exp
Δ𝐸𝑎

𝑘B𝑇
(6) 

The thermal energy kBT is given by the Boltzmann constant kB and the absolute temperature T. 

ΔEa is a material-specific quantity that describes the energy barrier for the statistical hopping of ions 

[38]. The processes are also named solid-state diffusion to be distinguished from Brownian motion 

or diffusion in gases and liquids. A solid-state diffusion coefficient is calculated from the correlation 
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time by introducing or assuming a typical, relevant length scale. According to the Einstein-

Smoluchowski equation [55], the solid-state diffusion coefficient D is given by  

𝐷 =
〈𝑥2〉

2𝑑𝜏𝑐

(7) 

and intrinsically is a function of T. Within that model, τc is assumed to be thermally activated, so is 

D, too. In the case of ordered substances like crystals, the energetically favored positions of ions in 

the crystal lattice are known. Therefore, the hopping length <x2> and the hopping’s dimensionality 

d can be deduced from the crystal’s morphology. In the case of disordered structures and various 

interstitial sites of ions, an estimation is made to calculate at least the order of magnitude of D. 

Line width δω = 2π δν is easily measurable in wide-line NMR spectroscopy, which reflects mobility. 

This fact is often referred to as motional narrowing, while a rigid lattice value is observed at low T. 

Several models are known, and one of them was applied to the data [42]. The following implicite 

equation describes the T dependence of δω(T): 

𝛿𝜔(𝑇)2 = 𝛿𝜔′2
arctan(𝛼𝛿𝜔(𝑇)𝜏𝑐(𝑇)) + 𝛿𝜔′′2 (8) 

δω'' is the line width (in [rad/s]) at high temperatures, while δω' corresponds to the rigid lattice 

line width (T → 0 K) irrespective of the interaction leading to line broadening. α is a numerical factor 

in the order of 1, which is introduced to compensate for inaccuracies in determining the line width 

mainly in the dynamic range of change in δω. This model was successfully applied to NMR line width 

measurements on diverse solid materials and broadening mechanisms, for example, Rb4C60, Rb3C60, 

Li2ZrO3, LiAlO2, and K4C60 [27, 39, 52, 53, 56-58]. Other models leading to similar results are used, 

for example in [59, 60]. Further information can often be obtained by line shape analysis and 2D 

exchange experiments. However, in the present case, unstructured spectra were observed. 

3. Results & Discussion 

3.1 NaSICON Na3.4Zr2Si2.4P0.6O12 and NaTFSI: Na+ Ions Studied by Wide-Line NMR 

3.1.1 Line Width 

23Na wide-line NMR provided insight into ion mobility [28]. Two NaSICON samples of 

Na3.4Zr2Si2.4P0.6O12 (powder and pressed into pellets) were investigated. δν, defined as full width at 

half height, decreased with increasing T, indicating motional narrowing (Figure 3). The values of the 

differently processed Na3.4Zr2Si2.4P0.6O12 are identical within the experimental error, and the 

modeling of the data with equation (6) describes the data (black line) well. A small deviation occurs 

in the temperature range [310, 330] K, which was also observed for Na3.4Sc2(SiO4)0.4(PO4)2.6 in [28]. 

The modeling reveals, assuming thermal activation of the line narrowing, an activation energy of 

ΔEa = 0.34 eV at τc0 = 1 ns in a similar range than found in electro-impedance spectroscopy [61]. 
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Figure 3 Temperature dependence of 23Na-NMR line width δν(T) of the NaSICON 

Na3.4Zr2Si2.4P0.6O12 in the form of powder and in the form of pellets, which is almost 

identical and independent of mechanical preparation. The black line represents the 

description by equation (6). 

Compared to Li compounds [29, 37-40], line narrowing occurs at higher temperatures, indicating 

significantly slower mobility already observable in the raw data and, therefore, independent of 

modeling. As the solid-state diffusion coefficient is an essential parameter in simulations, we deduce 

from the data the following values: at room temperature, the line width is almost in the rigid value 

regime, indicating that the method became insensitive to the slow motions, the extrapolated 

diffusion coefficient is therefore relatively small: D(297 K) = 3.6×10-17 m2/s. Around 350 K, the 

maximum of R2 (see below), D(350 K) = 2.9 × 10-16 m2/s, whereas at 385 K, the upper range of 

measured temperatures, D(385 K) = 7 × 10-16 m2/s. D was calculated based on thermal activation 

and 2D hopping. 

The situation is different for NaTFSI, δν only weakly depends on T in the investigated T range: δν 

decreases from 2.7 kHz at 297 K to 2.6 kHz at 410 K, a determination of ΔEa is therefore hardly 

possible based on these data. 

3.1.2 Transverse Relaxation 

23Na transverse relaxation rates were measured on the two Na3.4Zr2Si2.4P0.6O12 samples by the 

mentioned NMR pulse sequences A-C (Figure1, Table 1) and of NaTFSI by A-D (Figure1, Table 1) to 

investigate the relaxation paths of 23Na magnetization. The aim is to get insight into Na+ mobility in 

these substances as a function of T. 

Firstly, the relaxation results on the two differently prepared Na3.4Zr2Si2.4P0.6O12 samples are 

summarized in Figure 4 and Figure 5. The magnetization decay measured with the parameters in 

Table 1 were analyzed by exponential decay functions (equation (1)). Fit parameters are the 

amplitudes A1 and A2 as well as the two relaxation rates R2, iE. R2, 1E thereby describes the more 

significant part of magnetization given by A1. It is a function of T with a maximum around 350 K for 

all three pulse sequences (HE, SE, PB), which indicates that the ion mobility changes with T in the 

fluctuation range of several kHz, in which R2 is sensitive. Interestingly, the amplitude ratio A1/(A1 + 

A2) is nearly T-independent. At the same time, R2, 2E representing the more slowly relaxing and less 

intense part of the magnetization decay, increases with T. This unusual behavior is a first indication 
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of an additional ion mobility or hopping process, which might appear at even higher temperatures 

in the transverse relaxation rates. 

 

Figure 4 NaSICON Na3.4Zr2Si2.4P0.6O12 (powder) 23Na transverse relaxation rates as 

deduced from magnetization decays by biexponential data modeling. Left: The fraction 

A1/(A1 + A2) of the fast-relaxing component R2, 1E depends on the refocussing properties 

but appears approximately constant for T < 380 K. Right: The T-dependence of both 

components R2, iE is similar for the three sequences HE, SE, and PB. R2, 1E was modelled 

(lines), while R2, 2E increased approximately linear with T. 

 

Figure 5 NaSICON Na3.4Zr2Si2.4P0.6O12 (pellet) 23Na transverse relaxation rates as deduced 

from magnetization decays by biexponential data modelling. Left: Amplitude ratio of the 

fast relaxing component, right: The T-dependence of R2, iE is similar to that in Figure 4 

and was modelled by equations (3)-(7). 

R2, 1E were modeled using a linear combination of equations (3) and (8), including a weighting 

factor. This is due to the fact that a plateau of relatively large transverse relaxation rates was 

measured at low temperatures, similar to the findings in δνc(T) (Figure 3), which was also observed 

in 7Li-NMR on Li+ in graphite. This fact led to an empirical extension of the established relaxation 

model to adequately describe the measured data. The weighting factor depends on the refocusing 

properties of the pulse sequences. 

In the case of powder, the model delivers ΔEa and τc0 for HE: 0.64 eV, 0.1 ps; SE: 0.63 eV, 0.1 ps; 

and PB: 0.64 eV, 0.1 ps when assuming 2D jumps with an exponent β of 1.06-1.07 (equation (5)). 

The numbers indicate - as already do the measured data points - that the same Na+ hopping 
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processes in Na3.4Zr2Si2.4P0.6O12 (powder) is observed in all R2 measurements - irrespective of the 

different weighting of magnetic and quadrupolar interactions. From τc(T) with an average jump 

distance <x2> = 3.5 nm deduced from the crystal lattice [31], the solid-state diffusion coefficients of 

Na+ in Na3.4Zr2Si2.4P0.6O12 (powder) can be calculated within the model of thermally activated 2D 

hopping (d = 2, equation (7)).  

At T = 350 K, the solid-state diffusion coefficient is in the range D (350 K) = 1.9 × 10-16 m2/s (HE) - 

D (350 K) = 2.3 × 10-16 m2/s (PB) (2D), for 3D hopping the following range was found: D (350 K) = 1.3 

× 10-15 m2/s (SE) - 3.3 × 10-15 m2/s (HE). The values are small and highly dependent on T due to the 

model of thermal activation. However, we want to point out that the peaks in R2 are observed at 

relatively high temperatures. The estimation according to the BPP model (3D) would result in  

D(350 K) = 1.6 × 10-15 m2/s, which confirms the modeling of R2(T).  

Usually, R1 is measured. R1 on the very same NaSICON (progressive saturation recovery) shows a 

peak maximum around the same temperature of 350 K, peak modeling results in ΔEa = 0.35 eV (2D), 

0.24 eV (3D) and τc0 = 0.01 ps (2D), 0.4 ps (3D). Solid-state diffusion coefficients are then: D (300 K) 

= 3.5 × 10-12 m2/s (2D), 4 × 10-12 m2/s (3D), and at the peak maximum D (350 K) = 2.9 × 10-11 m2/s 

(2D), 1.5 × 10-11 m2/s (3D). These values are in the commonly observed range of solid-state diffusion 

coefficients. The fact that both R1, being most sensitive to fluctuations at the Larmor frequency, and 

R2, most sensitive in the kHz range, i.e., line width, show relaxation peaks in the same temperature 

range leads to the conclusion that two different processes of ion mobility were observed. This 

observation may hint at frequency distributions of fluctuations rather than one well-defined and 

unique hopping rate of Na+ in Na3.4Zr2Si2.4P0.6O12. As the transverse relaxation approach is not 

established and promises additional insights, it will be pursued in the following sections of this paper, 

showing the impact of low-frequency fluctuations. 

The NaSICON Na3.4Zr2Si2.4P0.6O12 (pellet) data resulting from modeling are compared to the 

findings on the powder: Ea and τc0 are for HE: 0.6 eV, 0.1 ps; SE: 0.66 eV, 0.1 ps; PB: 0.64 eV, 0.1 ps, 

assuming 2D jumps with an exponent β of 1.02-1.06 (equation (5)). The solid-state diffusion was 

calculated as a function of T. At T = 350 K, D (350 K) = 1 × 10-16 m2/s (SE) - D (350 K) = 7.8 × 10-16 m2/s 

(HE) (2D) (3D: D (350 K) = 4.5 × 10-16 m2/s (SE) - 6.5 × 10-16 m2/s (HE)). These values are identical 

within the experimental errors to those for Na3.4Zr2Si2.4P0.6O12 (powder). To complete the modelling, 

3D hopping was assumed, too. The measured data could also be modeled numerically well, however, 

with physically questionable parameters, overall indicating 2D hopping: The activation energies for 

3D hopping would be in the order of magnitude of 0.33 eV, τc0, however, would be in the range [285, 

800] ps, which is orders of magnitude larger than usually observed. The line width contribution 

would increase from a minor importance of 1 × 10-7 (2D) to 0.3 (3D), a questionable value. In 

consequence, the diffusion coefficients differ significantly. The data, therefore, can also be 

interpreted as a hint on the hopping’s dimensionality, which is 2D in the case of Na3.4Zr2Si2.4P0.6O12.  

In summary, the NMR parameters line width and transverse relaxation do not show a significant 

influence of mechanical treatment on the nanoscale hopping of Na+ in Na3.4Zr2Si2.4P0.6O12. The Na+ 

fluctuations, however, show up in the measurements, and corresponding data treatment and 

modeling reveal the characterizing quantities. 

As already found for the 23Na line width, the transverse relaxation behavior of NaTFSI differs from 

that of Na3.4Zr2Si2.4P0.6O12: The magnetization decays exhibit a significant Gaussian contribution, 

which is well known for and often found in crystalline solids [43, 44]. The decays were, therefore, 

modeled with either bi-Gaussian decay functions (equation (2)) or a sum of an exponential and a 
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Gaussian decay function. The relaxation rates (Figure 6) are labeled correspondingly. Please note 

that the shape of the decay depends on the refocusing properties. In addition to the pulse 

sequences A-C (Figure 1), the quadrupolar echo QE sequence (Figure 1, D) was used as quadrupolar 

transients were observed, which hampered data processing. These contributions could be 

significantly reduced in QE, resulting in decays describable by the bi-Gaussian function (equation 

(2)). 

 

Figure 6 NaTFSI 23Na transverse relaxation rates: Left: fraction of the faster relaxing part 

as a function of temperature for the four pulse sequences, right: depending on the pulse 

sequence and its refocussing properties, exponential E and Gaussian G contributions 

were modeled and result in the corresponding relaxation rates. 

The slower relaxing parts R2,2G of the magnetization decays (Figure 6, right) are similar and 

roughly T-independent, while its fraction is T-dependent - most pronounced for QE and HE. The fast 

Gaussian contribution in HE R2,1G is the only component showing a significant T-dependence. Instead, 

SE and PB magnetization decays are dominated by a fast exponential relaxation contribution in a 

similar range of values as observed for Na3.4Zr2Si2.4P0.6O12. When comparing the relaxation decays 

of NaTFSI before and after the temperature cycle, differences were observed mainly in the fast-

decaying part of the relaxation, indicating a reordering in NaTFSI on the nm length scale. The data 

show the complexity of NMR transverse relaxation on quadrupolar nuclei in solid state. The 

differences to the findings in Na3.4Zr2Si2.4P0.6O12 are noted in the present context. Both data sets 

provide the basis to get insight into the Na+ behavior in the solid-state electrolytes PEO + NaSICON, 

PEO + NaTFSI, and PEO + NaSICON + NaTFSI. 

3.2 PEO + NaSICON, PEO + NaTFSI, and PEO + NaSICON + NaTFSI: Temperature Dependence of the 

NMR Parameters 

Composite polymeric electrolytes based on PEO are currently being investigated to improve the 

mechanical properties of solid-state Na-electrolytes. In addition to the pure substances NaSICON 

Na3.4Zr2Si2.4P0.6O12 and NaTFSI mentioned above, the CPE PEO + NaSICON, PEO + NaTFSI, and PEO + 

NaSICON + NaTFSI were investigated. Here, Na3.4Zr2Si2.4P0.6O12 is abbreviated as NaSICON in the 

following. The comparison of the results reflects the structural changes with their impact on the 

respective fluctuations monitored at the sites of the ions by Na-NMR. 

NaSICON and NaTFSI are now distributed in PEO polymeric networks with their own molecular 

dynamics. As the Na-containing ceramics and salts contain no 1H according to the chemical formula, 
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neglecting possible impurities, 1H-NMR allows the investigation of the polymeric network of CPE. 

Thus, 23Na-NMR provides insight into Na+ mobility, and the combination of 1H- and 23Na-NMR finally 

allows the identification of factors determining the Na-NMR sensed fluctuations in the low-

frequency range. 

3.2.1 Line Width 

First, we focus on the T-dependence of 1H- and 23Na-NMR line width δν, defined again as the full 

width at half height, measured on PEO + NaSICON (Figure 7). δν (1H) is sensitive to the molecular 

mobility of PEO: the slope of δν (1H, T) changes significantly around 317 K. This mainly is due to 

molecular dynamics in the polymer network, which influences the line width via magnetic, mainly 

homonuclear dipolar interactions. This is confirmed by 1H-NMR measurements on pure PEO (Figure 

7). The line width at 407 K δν (1H, 407 K) = 600 Hz still is orders of magnitude broader than observed 

in liquids with the instrument vendor’s specification of δν (1H) = 0.28 Hz. We, therefore, do not 

observe complete motional narrowing at 410 K for both PEO and PEO + NaSICON, similar to what 

was often observed and what is expected for a cross-linked polymer, f.e. references [62, 63]. 

 

Figure 7 PEO + NaSICON and PEO: 1H and 23Na line widths (δν (1H) and δν (23Na)) as a 

function of T. δν (1H) reflects the transition in PEO structure evidenced by the steep 

slope around 317 K, while 23Na line width mainly reflects fluctuations of the quadrupolar 

interactions with a maximum around T = 350 K. Please note this small difference in δν 

(1H) and δν (23Na) as well as the large difference to Figure 3. 

In the T-window around 350 K, δν (23Na) peaks, which is an unusual behavior for NMR line width 

and clearly differs from the observation in Figure 3. As noted, δν (23Na) is sensitive to magnetic and 

quadrupolar interactions and their fluctuations. The data, especially the increase of δν (23Na) for T 

< 350 K, indicate that the quadrupolar interactions cross the sensitive range of a few kHz of 23Na 

wide-line NMR. For T < 320 K, the usual broadening is found. At T > 360 K, partial motional averaging 

is observed while the line width is still high, especially when compared to pure NaSICON. 

The observations in Figure 7 need to be compared to the line width of pure NaSICON (Figure 3), 

where a monotonous behavior was observed, leading to insight into the ion’s mobility. In PEO + 

NaSICON, the peak around 350 K obscures this behavior. δν (23Na, PEO + NaSICON) > δν (23Na, 

NaSICON) is valid for all T and leads to the interpretation that either additional relaxation paths are 

present in PEO + NaSICON or more likely, the environment of Na+ changed significantly in the PEO 
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matrix on the length scale of nm, i.e. the NaSICON structure deviates in PEO significantly from that 

of pure NaSICON and is most likely no longer describable by independent crystallites. 

Furthermore, the findings on the CPE need to be compared. As already stated, δν (1H) is sensitive 

to the molecular mobility of PEO: the slope of δν (1H, T) changes significantly around 317 K not only 

for PEO + NaSICON but also for PEO + NaTFSI and PEO + NaSICON + NaTFSI which was attributed to 

“melting” of the crystalline parts of PEO in this temperature range [64] resulting in an overall 

softening of the material. It should be noted that the 3D polymeric network does not melt in the 

usual thermodynamic sense of a solid becoming a liquid, but the ordering and the mobility of the 

polymer chains change, macroscopically resulting in softening. The similarity (Figure 8) to δν (1H, T) 

in PEO + NaSICON leads to the conclusion that the critical temperature range of PEO molecular 

fluctuations differs not significantly for these CPE samples. However, when looking at the absolute 

values of δν (1H), differences become evident: δν (1H) of PEO + NaSICON levels off for T > 330 K 

around 600 Hz, whereas a more steep slope is observed for PEO + NaTFSI (leveling off at 350 Hz) 

and PEO + NaSICON + NaTFSI (ending around 800 Hz). As 1H dipolar couplings are known to depend 

on and decrease with temperature, the line width indicates molecular dynamics. Residual dipolar 

couplings are still observed at high temperatures [62, 63]. The observations point out that the 

molecular dynamics of PEO is influenced by the Na ceramics/salt significantly, while the 

temperature range of the PEO mobility transition itself is not. 

 

Figure 8 Left: PEO + NaTFSI: 1H and 23Na line width (δν (1H) and δν (23Na)) as a function 

of T. Again, δν (1H) reflects the transition in PEO mobility. In contrast, δν (23Na) mainly 

reflects fluctuations of the quadrupolar interactions. Right: PEO + NaSICON + NaTFSI: δν 

(1H) and δν (23Na) as a function of T. A similar T-dependence is observed, while the peak 

in δν (23Na) is considerably broader. 

In analogy to the finding for pure salts, the 23Na wide-line NMR of PEO + NaTFSI differs 

significantly from that of PEO + NaSICON. In addition, δν (23Na, PEO + NaTFSI) differs from the quasi-

T-independent δν (23Na, NaTFSI). A clear peak around 330 K was observed, and the dynamic range 

of the line width was larger. Most likely, quadrupolar interactions change near the PEO mobility 

transition, which becomes evident in the relatively large line width, while line narrowing occurs at 

large T. 

The similarity in δν (1H, 23Na, T) for the three CPE PEO + NaSICON, PEO + NaTFSI, and PEO + 

NaSICON + NaTFSI is apparent (Figures 7 and 8), although the scales differ. The transition in 1H-PEO 

is around 317 K for all compounds, while δν (23Na) peaks around 325 K (PEO + NaTFSI) and 350 K 
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(PEO + NaSICON, PEO + NaSICON + NaTFSI). As this unusual peak occurs at lower temperatures for 

PEO + NaTFSI, we argue that the broader and more pronounced peak in PEO + NaSICON + NaTFSI 

can be interpreted as the sum of both contributions, NaTFSI and NaSICON, which act independently 

of each other but are significantly influenced by PEO. In the light of motional narrowing (equation 

(8)), a peak in line width is not expected. The observation thus indicates that the mobility transition 

of the PEO polymer matrix influences Na+ sensed fluctuations, which become fast, i.e., the line 

shows partial motional averaging at high temperatures. Still, increased interactions are observed in 

the intermediate T range. In that sense, the Na+ mobility of neither NaSICON nor NaTFSI is 

independent of the surrounding PEO network, which is also promoted by the attractive interaction 

between Na+ and the oxygens of PEO. 1H-NMR reflects the polymer mobility of the cross-linked PEO, 

which is attributed to the disordering of crystalline parts of the PEO network. The transition 

temperature is hardly affected by NaSICON and NaTFSI. However, the chain mobility is: NaSICON 

disturbs the ordering to a lower extent than NaTFSI, which is evident at low temperatures. At high 

temperatures, it becomes apparent that NaTFSI leads to broadening in 1H spectra, while NaSICON 

does not, due to the particulate nature of NaSICON. In the case of PEO + NaTFSI + NaSICON, the 

dynamics of the PEO polymer shows a distinct behavior as observable in 1H line width: While the 

fluctuations are similar to pure PEO at low T, the line narrowing is not as complete as for pure PEO 

at large T. 

For an easier quantitative comparison of the findings on the different samples, a risky attempt 

was made to model the right-hand side of δν (23Na), i.e., for T > 330 K. The fit parameters are 

summarized in Table 2 and reflect the data. Please note that the model in eq. 8 was established for 

motional narrowing but not for phase transitions and collective motion. The values need to be 

considered as rough estimates for easier comparability rather than as physically interpretable values. 

Table 2 Estimation of the activation energies and τc0 according to equation (8) from 23Na 

line width. 

 ΔEa [eV] τc0 [ps] δω' [rad/s] δω'' [rad/s] 

NaSICON 0.35 1000 35176 6328 

PEO-NaTFSI 0.41 50 28313 4366 

PEO-NaTFSI-NaSICON 0.62 0.10 33837 7075 

3.2.2 Transverse Relaxation 

Also, 23Na transverse relaxation in CPE differs significantly from the pure substances R2. Again, 

PEO + NaSICON is discussed first. While peaks were observed for NaSICON, R2i of PEO + NaSICON 

are almost flat (Figure 9); the indication of specific ion hopping is therefore not given in the 

measured transverse relaxation. In light of a variety of energetically similar sites in the polymeric 

network, these findings are not astonishing but a consequence of the CPE chemical properties. 

Please note, however, that a bi-exponential decay could no longer describe all the magnetization 

decays but by the sum of an exponential and a Gaussian decay with similar fractions. While the 

faster component is temperature independent within the experimental error, the slower part - now 

as Gaussian decay - shows a continuous increase similar to the findings for pure NaSICON, while the 

relative amplitude increased. 
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Figure 9 PEO + NaSICON: 23Na transverse relaxation amplitudes (left) and rates (right) 

measured by the four pulse sequences (Figure 1 A-D) as a function of T. The two 

relaxation contributions E and G contribute to the magnetization decay with similar 

fractions. While the fast relaxation differs from NaSICON and is almost T-independent, 

the slower relaxation rate increases slightly but monotonically with T similar to the 

findings in pure NaSICON. 

The situation again is different in PEO + NaTFSI (Figure 10): While in the pure substance NaTFSI 

transverse relaxation was unspecific, similar to 23Na line widths, R2,i show pronounced temperature 

dependencies for the CPE. Please note that the decays were modelled by mixed functions except 

for the Hahn echo decay (HE). Apart from the relaxation rates deduced from QE, all other sequences 

measure peaks around 325 K. Modelling leads to activation energies ΔEa of 0.35-0.6 eV at τc0 of 0.01-

1 ps (Table 3). Diffusion coefficients cannot reliably be calculated within the given model as the 

hopping distances are hardly known in a polymeric network such as cross-linked PEO. The fractions 

of fast and slower parts of the magnetization differ significantly in this case, which gives insight into 

the magnetic and quadrupolar interactions: HE refocuses the static magnetic interactions, while 

quadrupolar contributions lead to relaxation. Contrarily, QE refocuses quadrupolar interactions, 

which is extreme for PB. QE diminishes the contributions of quadrupolar transients, which agrees 

with the lack of peak in the fast-relaxing component of QE, which is still present for SE and PB. The 

observation leads to the interpretation that fluctuating electric field gradients are the dominant 

source of transverse relaxation in the measured temperature range. Attention should be paid to the 

fact that considerable Gaussian contributions were observed at low T in SE, PB, and QE, which 

usually indicate solid-state behavior: (A2/(A1 + A2)), the amplitude fraction, decreases for PB and SE 

with T which again shows that fluctuating quadrupolar interactions are the cause of the observation. 
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Figure 10 PEO + NaTFSI: 23Na transverse relaxation measured by the four pulse 

sequences as a function of T: The amplitude fraction of the fast relaxation component 

(left) depends on the refocussing properties, as do the relaxation rates (right). R2 shows 

peaks for HE, SE, and partially PB, which were modeled in 3D (lines). The slowly relaxing 

components show mixed behavior (grey box; details are shown in the insert). 

The slower part of relaxation shows a mixed behavior: HE increases monotonously, while SE, PB, 

and QE peak. No further modeling was made. The model describes the R2, 1 data for HE, SE and PB 

sufficiently good. The important fit parameters are summarized in Table 3. 

Finally, the CPE PEO + NaSICON + NaTFSI is discussed regarding the transverse relaxation rates 

(Figure 11). All magnetization decays except for QE could be described with a bi-exponential fit 

function resulting in the amplitudes A1 and A2 and the relaxation rates R2, 1E, and R2, 2E. At the same 

time, QE is modeled as the sum of an exponential and a Gaussian decay. The faster relaxing QE 

component R2, 1E is approximately T-independent, and R2, 2G shows an increase, if not an onset of a 

peak in R2, 2G at T > 410 K. This increase is also observed in R2, 2E measured by HE, SE, and PB. Peaks 

around 330 K were modeled, the resulting fit parameters are again summarized in Table 3. 

 

Figure 11 PEO + NaSICON + NaTFSI: The fraction of the faster relaxing component (23Na-

NMR) is diverse for the four pulse sequences reflecting magnetic and quadrupolar 

contributions to the magnetization decays. 23Na transverse relaxation rates (right), 

measured by the four pulse sequences as a function of T and modeled by a bi-

exponential or mixed magnetization decay, reveal ion mobility. 
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Table 3 Fit parameters for the samples and pulse sequences: activation energies ΔEa and 

τc0 according to equation (8). The dimensionality of the better fit is marked in bold letters. 

Sample Pulse sequence ΔEa [eV] τC0 [ps] Δω [rad/s] W [-] β [-] 

NaSICON (powder) R2 

HE 2D 0.64 0.1 68858 1.0E-07 1.07 

SE 2D 0.63 0.1 72152 1.0E-07 1.06 

PB 2D 0.64 0.1 76241 2.0E-03 1.07 

HE 3D 0.21 6694 91706 1.9E-01 - 

SE 3D 0.24 5095 54858 2.7E-01 - 

PB 3D 0.33 244 63367 3.2E-01 - 

NaSICON (powder) R1 
2D 0.35 0.01 - - 1.56 

3D 0.24 0.4 - - - 

NaSICON (pellet) R2 

HE 2D 0.6 0.1 63196 1.0E-07 1.02 

SE 2D 0.66 0.1 73514 1.0E-07 1.06 

PB 2D 0.64 0.1 73962 1.0E-07 1.06 

HE 3D 0.35 285 45828 3.0E-01 - 

SE 3D 0.34 589 30000 3.2E-01 - 

PB 3D 0.32 796 35893 3.3E-01 - 

PEO-NaTFSI R2 

HE 2D 0.70 0.01 11737 1.0E-10 2.00 

SE 2D 0.46 0.1 186112 1.6E-01 2.00 

PB 2D 0.70 0.1 3105 3.5E-01 2.00 

HE 3D 0.61 0.01 83066 2.0E-06 - 

SE 3D 0.35 1.0 605315 2.0E-07 - 

PB 3D 0.59 0.1 26279 3.5E-01 - 

PEO-NaTFSI-NaSICON R2 

HE 2D 0.44 0.02 853014 1.0E-10 2.00 

SE 2D 0.44 1.0 698367 2.0E-06 1.00 

HE 3D 0.35 1.0 771223 1.0E-10 - 

SE 3D 0.35 1.0 799661 2.0E-06 - 

As PEO undergoes a transition around 317 K, temperature cycles were performed to observe the 

reversibility of the CPE's thermodynamic state. While complete reversibility was observed for PEO 

+ NaSICON + NaTFSI on the time scale of an NMR T cycle of several hours, PEO + NaSICON showed 

significantly different values in the back-cycle, which was assigned to the equilibration of the 

partially crystalline structures in PEO. 

4. Conclusions 

Solid state Na electrolytes were investigated by wide-line NMR. Line width was quantified, and 

transverse relaxation was investigated by different pulse sequences. It became evident that the 

pure substances and the corresponding CPE with PEO as a cross-linked polymer differ considerably 

regarding ion mobility in the low-frequency range of kHz. 23Na-NMR sensed that PEO significantly 

influences fluctuations, and the corresponding NMR measures vary substantially for the 

investigated electrolytes in this low-frequency range. However, the segmental mobility of PEO 

changes in the same temperature range and is largely independent of the Na-containing species, 



JEPT 2023; 5(4), doi:10.21926/jept.2304032 
 

Page 19/23 

with signatures in the absolute values of 1H line width. This segmental mobility, however, shows up 

in 23Na-NMR and indicates that the 23Na-NMR sensed fluctuations depend on the state of the 

polymer matrix that embeds the ion conductor.  

Fluctuations are usually analyzed in the MHz range (Larmor frequency) by NMR longitudinal 

relaxation. The findings in this paper prove the feasibility of exploring an additional frequency 

window for the characterization of solid-state electrolytes by line width and transverse relaxation. 

When possible, activation energies were deduced from the data in the order of 0.3 eV to 0.7 eV.  

The combination with 1H line width reveals that the low frequency fluctuations monitored in 23Na-

NMR sensed PEO molecular mobility in CPE. PEO retains its thermodynamic properties and only 

becomes softer. In contrast, the residual dipolar couplings, i.e., the 1H-line widths at high 

temperatures, are specific for the Na-containing material. Na+ transverse relaxation, instead, 

partially allows the determination of the thermal activation energies of ion mobility. Indications of 

the dimensionality of hopping result from modeling: 2D hopping appears appropriate in the case of 

the NaSICON Na3.4Zr2Si2.4P0.6O12, while the model with 3D hopping describes the data better for the 

investigated CPE. 
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