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ABSTRACT

In order to develop new electrode and electrolyte materials for advanced sodium-ion batteries (SIBs), it is
crucial to understand a number of fundamental issues. These include the compositions of the bulk and
interface, the structures of the materials used, and the electrochemical reactions in the batteries.
Solid-state NMR (SS-NMR) has unique advantages in characterizing the local or microstructure of solid
electrode/electrolyte materials and their interfaces—one such advantage is that these are determined
in a noninvasive and nondestructive manner at the atomic level. In this review, we provide a survey of
the recent advances in the understanding of the fundamental issues of SIBs using advanced NMR tech-
niques. First, we summarize the applications of SS-NMR in characterizing electrode material structures
and solid electrolyte interfaces (SEI). In particular, we elucidate the key role of in-situ NMR/MRI in reveal-
ing the complex reactions and degradation mechanisms of SIBs. Next, the characteristics and shortcom-
ings of SS-NMR and MRI techniques in SIBs are also discussed in comparison to similar Li-ion batteries.
Finally, an overview of SS-NMR and MRI techniques for sodium batteries are briefly discussed and

presented.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

With the increasing demand for large-scale energy storage sys-
tems (ESS) for renewable energy applications, sodium-ion batteries
(SIBs) have received extensive attention in recent years because of
the high natural abundance of sodium. SIBs have a comparable ion
transport mechanism and working principle with lithium-ion batter-
ies (LIBs)in the framework of the electrode materials because Na* and
Li* have similar chemical and physical properties.| 1-4] However, due
to the intrinsic differences between Na* and Li*, such as ion radius,
molar mass, redox potential, solvated structure, and so on, SIBs have
shown different chemical/electrochemical behaviors during the
material synthesis and battery operations.[5] It would seem that
comprehensive and systematic characterization of electrode materi-
als, complex reaction mechanisms, and multiple phase transition
processes will be helpful to the rapid development of SIBs with high
capacity, high cycling performance, long life, and high safety.

Up until now, quite a few spectroscopic characterization tech-
niques for solid-state materials have been widely utilized in the
structural and composition characterization of electrode/elec-
trolyte materials for SIBs.[6] Among them, the X-ray diffraction
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(XRD) technique is very successful and mainly used to study the
long-range structure of crystalline materials; however, it is not
easy to precisely determine the occupancy information of Na* in
solid materials based on refinement techniques only. X-ray absorp-
tion spectroscopy (XAS), Atomic pair distribution function (PDF),
and solid-state nuclear magnetic resonance (SS-NMR) are all
applied to determine the short-range and local structure of the
solid materials in non-crystalline or nanostructured materials.
Compared with other spectroscopic characterization techniques,
SS-NMR is a powerful tool for non-destructive, quantitative analy-
sis without harsh experimental conditions, such as PDF with its
expensive synchrotron radiation sources. As for composition char-
acterization, X-ray photoelectron spectroscopy (XPS) has been
widely applied in surface analysis of materials; however, the quan-
titative peak fitting and assignment of XPS is difficult, although
may be improved by computational methods.[7,8] By contrast,
SS-NMR can directly provide valid information not only on the
local structure of the targeted nuclei but also on the ionic diffusion
and reaction processes, such as Li/Na deposition-stripping at solid-
solid or solid-liquid interfaces.[9] NMR spectra of the charge carri-
ers and lattice framework elements ("Li, °Li, 2Na, 3'P, 'B, °F, >V,
etc.) in SIBs[10,11] can not only disclose the compositions and
structures of electrode or interface, but also provide unique advan-
tages in the characterization of amorphous solid materials—such as
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hard carbon and alloy electrodes—which cannot be analyzed by
routine XRD. In addition, magnetic resonance imaging (MRI) can
be extended to non-invasive and in-situ electrochemical study
and thus is capable of disclosing the mechanism of Na* diffusion
and electrode/electrolyte interface evolution in space and time.

Different from liquid samples, solid samples exhibit highly
restricted ionic motion resulting in broad resonances in SS-NMR
spectra due to the presence of various anisotropic interactions.
However, the high-resolution SS-NMR spectra can be effectively
achieved by removing those anisotropic interactions through the
fast spinning of samples along the axis tilted by 54.7° away from
the magnetic field direction, i.e., the so-called magic-angle.
Sodium layered oxides and polyanion-type cathode materials of
SIBs normally contain 3d/4d transition metal (TM) elements with
unpaired electrons (i.e., Mn, Fe-based paramagnetic materials),
which lead to the spin density of the unpaired electrons transfer
from TM ions to Na nuclei. This interaction significantly broadens
23Na signals and greatly shifts their chemical shifts, capable of
providing abundant information on the framework, microstruc-
ture, and chemical environment of cathode materials. Conversely,
anode materials are mostly conductors or semiconductors with
conductive electrons. Because of the affiliated effect of conductive
electrons on the Na spin, the Knight shift of 2>Na in the static mag-
netic field will significantly affect the chemical shift of sodium
metal-based anode materials, so that the different material mor-
phologies and phases can be distinguished. For example, in the
Na|Na3V,(POy)s3 cells, the chemical shift of cathode materials is
about 20 - 250 ppm with the different charge or discharge pro-
cesses, the signals from SEI and electrolyte species appear at
around 0 ppm, while the signal of sodium metal resonances
appears at around 1130 ppm. Therefore, SS-NMR can effectively
distinguish different chemical components in SIBs. For the solid-
state electrolytes with low electronic conductance, the NMR sig-
nals of solid-state electrolytes are closely related to ionic trans-
port. By using well-designed pulse sequences and with the help
of pulse-gradient field, SS-NMR can be applied to characterize
the ionic dynamics of solid-state electrolytes such as intrinsic dif-
fusion coefficients at different temperatures. Previous reviews
mostly summarized in detail the principles of SS-NMR, in-situ
SS-NMR, and their applications in LIBs and SIBs. [ 10-13] However,
there is a lack of timely reviews or perspective papers on SS-NMR
techniques that can be applied to SIBs.

In this review, we summarize the recent advances in the appli-
cations of NMR techniques in electrodes, electrolytes, and their
interfaces in SIBs. We prospect the future applications of the SS-
NMR techniques in various materials and operando characteriza-
tions of SIBs. It is expected that this article could provide readers
with a comprehensive understanding of the unique advantages of
SS-NMR in the SIBs characterizations and stimulate new ideas for
subsequent research.

2. Solid electrode materials

In this section, the applications of SS-NMR in solid-state materials
for SIBs, including cathode materials and anode materials (hard car-
bon, graphite, alloy anode electrodes, etc.) in recent years are sum-
marized. Specifically, we present some examples such as structural
characterization, ionic dynamics (Na-ion diffusion), phase transition
processes during charge-discharge cycling, and the intercalation/de-
intercalation mechanism of Na* in electrode materials.

2.1. Cathode materials

At present, the cathode materials applied in SIBs mainly
include sodium-based layered oxides, polyanion materials, Prus-
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sian blue analogs, etc. The unpaired 3d electrons of TMs used in
the sodium cathode materials (Mn, Fe, V, etc.) make these cath-
odes paramagnetic and result in hyperfine interactions between
Tm and Na® ions through the M—O—Na bond. These complex
interactions lead to broad 2*Na NMR resonances and expand their
chemical shifts. On the other hand, they also provide rich and
sensitive structural information about the material lattice
framework.

2.1.1. Sodium layered oxides

With the advantages of low cost, easy synthesis, and high speci-
fic capacity, sodium layered oxides (Na,TmO,, Tm = Mn, Fe, Co, Ni,
etc.) are considered as the most-investigated cathode materials for
SIBs. Mn is both more environmentally friendly and more abun-
dant in the earth’s crust (38.1 folds of Co and 11.3 folds of Ni), plus
Mn-based sodium layered oxides also have higher redox potential
than the Fe-based sodium layered oxides. Therefore, Mn is attrac-
tive as the main TMs for low-cost layered cathode materials. How-
ever, the Mn-based materials also encounter some problems such
as Mn-ions migration and Mn(III)/Mn(IV) Jahn-Taller distortion
in 03/P2/P2’-NayMnO,, which could result in serious instability
of cycling performance and dissolutions of Mn-ions in the
electrolytes.

SS-NMR has been widely applied to characterize the local struc-
tural evolutions and corresponding localized phase transition pro-
cesses of the electrode materials after different ionic doping. As
early as 2014, Grey et al. first investigated the signal peak changes
of Na,MnO, (x = 1.0-0.24-0.92) during the first cycle via 2>Na
magic-angle spinning (MAS) SS-NMR|[14] and then proposed the
function of Mg ions on the Mg-doped NayMn;_yMg,0O, (y = 0.05).
[15] In recent years, there was more research focused on the P2-
Nage7MnO,, suggesting that expanding the interspacing of the
Na-layer could be beneficial for Na* diffusion as well as suppress-
ing the Tm-O layer phase transition process (Fig. 1a).[16] Zuo et al.
successfully expanded the Na* layer of P2-Nag g;MnO; by using the
water-mediated method (S-NMO).[17] As shown in Fig. 1b, the ex-
situ 22Na MAS NMR signals of S-NMO located at 0, 200-500, 800-
900, 900-1450, and 1700-1900 ppm, correspond to the diamag-
netic sodium salt, hydration, P2’ phase (Mn3*-rich), P2 phase and
the Mn**-rich local environment, respectively. During the first dis-
charge process, the Mn**-rich local environment disappeared and
the P2’ phase appeared. During the second charge process, the
P2’ phase disappeared and the Mn**-rich local environment recov-
ered at 3.5 V. 22Na rotational-echo double-resonance (REDOR) MAS
NMR spectroscopy| 18] indicated that NaHCO3 and H,O impurities
had been removed from the S-NMO electrode. Combined with the
XRD results, these NMR results suggest that the S-NMO electrode
exhibits high structural stability and cycling reversibility. Apart
from this work, ion doping or co-doping of various metal ions
can also inhibit phase transition and improve structural stability
for the layered oxides, such as Li*[19], Zn?'[20], Fe*'[21],
Ni?*[22], and so on. It is worth mentioning that the “Li SS-NMR
can be applied to characterize the ion transport mechanism and
local environment in Na*-layer and TM-layer. Wang et al. designed
a dual honeycomb-superlattice structure material, Nays[Liq/7-
Mn5/14][Mg1/7Mn5/14]02[]9] Their Li MAS SS-NMR indicated that
the superstructure transformation takes place during the charge-
discharge process. This work demonstrated that the Mg-Mng struc-
ture formed by Mg?* doping contributes to the reversible migration
of Li* between the Na*-layer and Tm-layer (Fig. 1c). “Li, °Li, and
23Na SS-NMR are important tools to understand the ion sites, trans-
port paths, and local environment of doping ions in Li-containing
sodium layered oxides. Currently, the research on other layered
oxides, such as P2-Na,CoO,[23], O3-type NaLi;;sMny;30,[24],
0’3-layered Nas.xNi;_oxFe,SbOg[25], etc. has started to emerge.
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Fig. 1. Structural evolution and ion diffusion in Mn-based sodium layered oxides. (a) Ex-situ 2*Na NMR spectra during the initial charge-discharge cycles of Nagg7Alg1-
Mng¢0,. Reproduced with permission from [16]. (b) (i) Ex-situ 22Na NMR spectra of S-NMO during the charge-discharge processes. (ii) 22Na REDOR-dephased MAS NMR
spectra of S-NMO and hydration phase. Reproduced with permission from [17]. (c) Li NMR spectra of (i) LiMng and (iii) LiMng-MgMng and the layer stacking schematic of (ii)
LiMng and (iv) LiMng-MgMng which displays chiefly reversible Li* migration at different stages of the first cycle. Reproduced with permission from [19].

2.1.2. Polyanion materials

Polyanion materials have high structural stability, safety, and
operating voltage, which have received wide attention. However,
these materials have intrinsic problems with low electron conduc-
tivity and volumetric energy density. Commonly used anions
include PO3", P,0%", SO%, SiO3™ and F-, while the Tm ions are mainly
V, Fe, Mn, etc.[5] Liu et al. employed **Na SS-NMR spectroscopy in
complementary with XRD to get insights into the mechanism of
sodium extraction from Na3V,(PO,4),F3 in SIBs.[26] They found no
noticeable preference between Nal and Na2 removal in Stage I
during the charging process. In addition, the broad resonance at
130 ppm corresponding to Na, {V,(PO,4),F; showed the fast Nal-
Na2 exchange motion in the electrolytes, which cannot be seen
with by XRD techniques (Fig. 2a). Liao et al. observed the local
environment of the Na* in Na3V,(PO,4); using 2>Na SS-NMR.[27]
As shown in Fig. 2a, the 2>Na MAS SS-NMR and spin-spin relax-
ation time (T,) measurements assigned the two types of Na*
(M1-6b sites and M2-18e sites) in Na3V,(PO4)s, which correspond
to the (R3c) space group. The signals at ~ 80 and ~ 16 ppm were
respectively attributed to the M2-Na* and M1-Na*. A newly
merged signal at ~ 223 ppm after the first charge process to
4.3 V (corresponding to the local environment of V#*) and a new
resonance at ~ 137 ppm after the first discharge process to 1.0 V
(corresponding to the local environment of V2*) had been found
(Fig. 2b). These 2>Na MAS SS-NMR results suggest that the struc-
tural formations are highly reversible during the charge-discharge
processes.

Furthermore, ion doping strategies can also be applied to
improve the structural stability and operating voltage of polyanion
materials. Ghosh et al. explored the Mg** doped NASICON-Nas.y
V,.,Mg,(P0,); cathodes.[28] Doping of diamagnetic Mg** reduced

the hyperfine interactions and thus led to a decrease in linewidths
for the 2>Na and 3'P resonances. 2>Na and 3'P SS-NMR proved the
non-linear changes in the Na* diffusion properties with the differ-
ent amounts of Mg?* (Fig. 2c). However, the coalescence of Na (1)
and Na (2) due to their fast chemical exchange makes it difficult to
characterize the complex local environment of individual Na* after
random doping of Mg?*. In addition, 2®Na SS-NMR can also be
applied in the phase identification of new materials, structure evo-
lution, and reaction mechanisms. Nowadays, other polyanion
materials, such as Na3zV(PO4),[29], NaVOPO430], NasFeV
(PO4)3[31], NapMn3_xAlx(VO4)3[32], Nay4lioeV2(PO4)2F25005(33]
have been studied and characterized. >'V[30] and 27Al[32] have
also been applied to determine the local environment and struc-
ture. In addition, due to the sensitivity of SS-NMR to the local
chemical environment, SS-NMR spectroscopy of other metal ions
can greatly further understand the framework structure of polyan-
ion materials.

2.1.3. Conversion-type cathode materials

Apart from the layered oxides and polyanion materials, several
cathode materials have been suggested and analyzed via SS-NMR.
As one of the low-cost and earth-abundant species, NasFeFg dis-
played an initial reversible capacity of 140 mA h g~ . Foley et al.
identified that NasFeFg was partly converted to NaF and Fe during
the discharging process via the quantitative analysis of the formed
NaF and Fe by 23Na SS-NMR and >’Fe Méssbauer spectroscopy first.
[34] In addition, SS-NMR had been applied in several cathode
materials, such as fluorinated carbon fiber (CFy75)[35], organic
cathode material (tetrakislawsone (TKL))[36], etc. The application
of 13C cross-polarization (CP)-MAS NMR in TKL provides a powerful



P. Shan, J. Chen, M. Tao et al.

Journal of Magnetic Resonance 353 (2023) 107516

xin Nag.xVo(POy4)2F 3

(b) 223' ppm 80 p_pm1 -137 ppm

AN

6 ppm

s A

y=1.0

= = 1;)0 5735 a) - Washed NVP
23 . Potential vs Na/Na* (V) 300 200 100 0 -100 -200
Ne;Shitt(ppm) BNa shift (ppm)
(i1 (111)

y=0 hY e
@ Na2

Nat oV

y=0.25 9: O

°p

1000 500 0 3000

ZNa (ppm)

-500 -1000

T T T T
2400 1800 1200 600
3P (ppm)

Fig. 2. Local structures and Na* sites in polyanion materials. (a) Ex-situ 2>Na NMR spectra of NasV,(P0O,),F; electrodes at different states of charge. Reproduced with
permission from [26]. (b) 22Na SS-NMR spectra of Na;V,(PO,4)s at different charge-discharge processes at 30 kHz MAS and 278 K. Reproduced with permission from [27]. (c)
(i) *Na and (ii) *'P SS-NMR spectra of NASICON-Nas.yV, yMgy(PO4); (y = 0, 0.25, 0.5, 0.75, 1.0) cathodes and the (iii) Na or (iv) P local environment in NasV(POa)s.

Reproduced with permission from [28].

tool to analyze the rare nuclei of organic cathode materials or other
carbonaceous electrode materials with high precision.

More research on SS-NMR techniques in cathode material char-
acterizations for SIBs are summarized in Table 1.

2.2. Anode materials

Unlike LIBs, commercial graphite anodes are not suitable for
SIBs, because Na* cannot be directly intercalated into the graphite
layer. Instead, Na* can only be co-intercalated with the ether-based
electrolyte. Among the low-cost carbon anodes, hard carbon has
attracted more attention in SIBs since 1990[46] with its high
energy density and structural stability. However, the mechanism
of Na* diffusion in hard carbon is not fully studied. Furthermore,
sodium metal anodes (SMAs), alloy anodes, and phosphorus
anodes have also been reported.

SS-NMR has outstanding advantages in characterizing amor-
phous materials. In this section, we will summarize the applica-
tions of SS-NMR in these anode materials, especially the Na*
diffusion mechanism, sodium deposition, and alloying process.

2.2.1. Hard carbon
Hard carbon is a class of non-graphitizing, long-range random
disordered, short-range graphite-like stacking ordered carbon

materials, which contains multiple types of Na® storage sites
including the filling of graphite layers/pores and the adsorption
at defects. The ‘house of cards’ structure is the most widely
accepted structural model.[47] Due to the complex structure, the
theoretical capacity of hard carbon remains undetermined. There-
fore, the development of hard carbon anodes with good electro-
chemical cycling performance requires a more in-depth
understanding and analysis of the structure and Na* storage mech-
anism by SS-NMR[48], wide-angle X-ray scattering (WAXS)[49],
galvanostatic intermittent titration technique (GITT)[50], etc.
23Na SS-NMR had been applied to analyze the synthesis temper-
atures[51], charging-discharging curves under 0.1 V[52], quasi-
metallic sodium cluster[53], and electrolyte additive (FEC)[54] of
the hard carbon; work that has been summarized in detail before
[11]. In recent years, Au et al. proposed the direct relationship
between the increasing metallic sodium clusters and the growing
pore size in the samples which exhibited a low voltage plateau
via ex-situ 22Na SS-NMR (Fig. 3a)[48]. Kim et al. observed the
microcrystalline cellulose (MCC)-based hard carbon without any
amorphous grains.[55] Compared with the fiber cellulose (FC)-
based hard carbon, Na SS-NMR showed a different signal at
9 ppm in MCC-based hard carbon during the fully sodium interca-
lated process. This signal suggested a lower electron density of the
center sodium than that of the intercalated sodium, such as the



Table 1

SS-NMR techniques in cathode materials for SIBs.

Materials Contents SS-NMR Experimental details Chemical shift Ref
Nuclei MHz MAS
Sodium Layer Oxides
P2-Nay;3sMn;_yMg,0, Effect of Mg doping on the local 23Na MAS SS-NMR 200 MHz 60 kHz 1450 and 1100 ppm (Mg doping, P2, and OP4) [15]
structure
B-NaMnO, Structural evolution 23Na MAS SS-NMR 1000 MHz 60 kHz 318 ppm (Nag), 528 ppm (Nagg), 751 ppm (Nag) [37]
P2-Nag 7sNig23Mng 6902 Structural evolution 23Na MAS SS-NMR 200 MHz 60 kHz 984 ~ 1423 ppm (P2 phase) [38]
P2-Nag 7AlxMn; O, Effect of Al doping on the local 23Na pj-MATPASS SS-NMR 400 MHz 55 kHz 650 ~ 900 ppm (P2’ phase), 900 ~ 1400 ppm (P2 phase) [16]
structure
P2-Nag g[Lig2Mng g]O, Li* sites and migration between TM  SLi MAS SS-NMR 400 MHz 19 kHz ~720 ppm (Liam), ~1800 ppm (Lirn) [39]
P2-Nag 75[Lip25Mng 75]02 and Na layer 38 kHz ~600 ppm (Liam), ~2200 ppm (Lipm)
P2-Nag g7Alp.1Fep0sMng g502- Structure and phase changes 23Na pj-MATPASS SS-NMR 400 MHz 55 kHz 1200 ~ 1450 ppm (P2 phase), ~1100 ppm (“Z” phase), ~850 ppm (P2’ phase) [21]
LN
P2-Nag 67Mo.1Mng 0, (M = Li*,  Effect of M—ion doping on the phase 1000 ~ 1500 ppm (P2 phase), 750 ~ 1000 ppm (P2’ phase)
Mg2+, Al3*)
P2-Nag g7Znp1Mng 905. Effect of Zn doping on the local 23Na MAS SS-NMR 400 MHz 50 kHz 1000 ~ 1600 ppm (P2 phase) [20]
structure
03-NaLi; 3Mny/30, irreversible migration of Li* to the Na  2>Na and ’Li MAS SS-NMR 200 MHz 62.5 kHz 1980 ppm (Na 4 h), 2170 ppm (Na 2c) [24]
layers
P2-Nag 67Mng gNig 2Lig 202 Sites of doped Li* 23Na, %/7Li MAS SS-NMR 300 MHz 50 kHz  23Na: 1200 ~ 1750 ppm. [40]
6/7Li: 1750 and 750 ppm (Li* in TMO and Na layer, respectively).
S-NMO Existence of H,0 and H* in the 23Na{'H} REDOR MAS NMR 400 MHz 55 kHz 91.6 ppm (hydration phase), 1051 ppm (S-NMO) [17]
hydration phase
Structural evolution 23Na MAS SS-NMR 200 ~ 500 ppm (hydration phase), 800 ~ 900 ppm (P2’ phase), 900 ~ 1450 ppm (P2
phase), 1813 ppm (Mn**-rich)
P2-NaxCoO, local structure and electronic 23Na MAS SS-NMR 300 MHz 30 kHz 200 ~ 400 ppm (P2 phases), 100 ~ 200 ppm (“OP” phase) [23]
property evolution
03-Nas.x Nip_oxFexSbOg Sites and pathway of Na* 23Na pj-MATPASS SS-NMR 400 MHz 13 kHz 1300 ~ 1600 ppm (Na(1) and Na(2) sites), ~-300 and ~ 180 ppm (Na(3) site) [25]
(0<x<05)
P2-Nag 75[Lig.15Nip.15Mng 7]0; Migration of Li between the TM layer  ’Li pj-MATPASS SS-NMR 600 MHz 50 kHz 0 ~ 1100 ppm (Li in Na layers), 1100 ~ 2400 ppm (Li in TM layers) [41]
and Na layer
P2-Nay3[Liy;7Mns;14][Mgy, Reversible Li* migration of LiMng- 7Li pj-MATPASS SS-NMR 400 MHz 30 kHz 2000 and 1500 ppm (Lirm; and Litma), ~750 ppm (Liami and Liawa) [19]
7Mns;14]0, MgMng states
Polyanion Materials
NasVy(PO4),F3 Structural/ dynamical changes and 23Na MAS SS-NMR 700 MHz 50 kHz 146 and 92 ppm (Nal and Naz2 sites) [26]
fast Na1-Na2 sites exchange 31p MAS SS-NMR 200 MHz 40 kHz 6096 and 4600 ppm (P1 and P2 sites)
in-situ 2>Na SS-NMR 300 MHz  — ~160 ppm (Nal and Na2 sites)
Na,FePO,4F Local structure, ion mobility, and 23Na MAS and 2D EXSY SS- 300 MHz 50- —175 and 450 ppm (Nal and Na2 sites), 320 ppm (NaFePO4F) [42]
exchange NMR 65 kHz
NasV,(P0y4),01 6F1.4 The electrochemical activity of 23Na/>'V MAS NMR 600 MHz 24kHz  ?*Na: ~90 ppm (NV**POF), ~90 and 130 ppm (NV**#POF) [43]
VVand V", Na* migration 51y: [-550, —720] ppm (NV*38POF)
mechanism 2D 2>Na MQMAS NMR 20 kHz —
in-situ 2>Na NMR 300 MHz — ~90 ppm and ~ 170 ppm (NV*3>®#POF cycling)
Na,FePO4F Two two-phase reactions and 23Na MAS SS-NMR 400 MHz  50- —180 and 440 ppm (Na2 and Na1 sites in Na,FePO4F), 615, 320 and —130 ppm [44]
intermediate phase Na; sFePO4F 60 kHz (Nalb’, Nala’ and Na2’ sites in Na; sFePO4F), 345 ppm (Na1l” site in NaFePO4F)
NaVOPO,4 electrochemical mechanism 23Na’'p, 'V MAS SS-NMR 400 MHz 50 kHz ~ °'V: —658 ppm (V°*) [30]
23Na: 108 ppm (NaVOPO,)
31p: ~2300 ppm (NaVOPO,)
Na3V(P0,), Recognition of multi-electron 51y MAS SS-NMR 400 MHz 50 kHz — [29]
reactions
Naz.y V2 Mgy (PO4); Evolution of the local structure with ~ 2>Na,'P MAS SS-NMR 300 MHz 30 kHz  ?Na: 134 ppm (Na nuclei in Na(1a), Na(1b) and Na(2c) sites), 55 ppm (Na nuclei in  [28]
Mg doping Na(2a) and Na(2b) sites)
31p: >~200 ppm (nuclei in the paramagnetic NASICON cathode)
800 MHz -
Nas 41£0.50FeV(POy4)3 Na sites and extraction mechanism 23Na MAS SS-NMR 400 MHz 8 kHz or 5 ppm (Na2), —11 ppm (Nal), —29 ppm (Nal’) [45]
10 kHz

(continued on next page)
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Table 1 (continued)

Materials Contents SS-NMR Experimental details Chemical shift Ref
Nuclei MHz MAS
NazV,(POy); Local environment evolution of Na*  2>Na MAS SS-NMR 400 MHz 30 kHz 80 and 16 ppm (M2 and M1 sites) [27]
NayFeV(PO4)s Na* sites and electrochemical 2Na MAS SS-NMR 400 MHz 10 kHz 1 ppm (Nal), —15 ppm (Na2) [31]
dynamics
Na;Mn; gAlp2(VO4)s Effect of AI** doping on the local 23Na MAS SS-NMR 300 MHz 60 kHz ~60 ppm (Nal-a), ~-40 ppm (Na1l-b), ~-500 ppm (Na2) [32]
environment of Na* 27Al MAS SS-NMR 500 MHz 30 kHz ~1000 ppm
Conversion-type Materials
NasFeFg Conversion reaction mechanism 23Na pj-MATPASS SS-NMR 300 MHz 60 kHz  *3Na: ~0 ppm (NaF), 350 and 1750 ppm (Na2 and Nal sites) [34]
and '°F, 2>Na MAS SS-NMR 19F; _224 ppm (NaF)
CFo.75 Conversion reaction mechanism 19E, 22Na MAS SS-NMR 400 MHz 60 kHz  '°F: =91 ppm (-(C-CF,)-, (PVDF)), —114 ppm (-CF,), —163 ppm (intermediate state  [35]
CF), —178 ppm (-C-C-F), —191 ppm (covalent CF)
23Na: 6 ppm (NaF)
13C MAS SS-NMR 10 kHz 128 ppm (sp? C), 112 ppm (CF), 85 ppm (CF)
TKL Na* coordination mechanism 13C CP-MAS SS-NMR 600 MHz 20 kHz 33 ppm (1NaTKL), 170 ~ 176 ppm (3NaTKL) [36]
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Reproduced with permission from [57].

sodium insertion into hard carbon with stacking disorder (Fig. 3b).
However, Stratford et al. observed two hard carbon materials with
different fragment sizes and **Na chemical shifts.[56] The oper-
ando 2>Na NMR found that carbon A, which had a smaller fragment
size (16 x 17 A vs. 20 x 20 A for Carbon B), had a significantly
broad 23Na Knight shift resonance at ~ 760 ppm during the cycling
process, indicative of a variety of local sodium environments. Com-
bining with the PDFs, they concluded that the 2>Na NMR Knight
shift is not only related to the size of the sodium cluster, but also
correlated with the coherence length of the graphene fragments.
They also observed that the pore size of hard carbon materials
did not necessarily correlate with the size of sodium clusters
(Fig. 3c). Recently, Li et al. observed sieving carbons (SCs) as
high-energy anodes for SIBs with ~ 400 mAh/g capacity, and the
23Na SS-NMR resonances at 960 ppm in SCs, arising from the
Knight shift, related to the formation of quasi-metallic sodium
clusters (Fig. 3d). [57].

Ion doping also significantly affects the properties and sodium
storage mechanism of hard carbons. Chen et al. synthesized two
types of hard carbons by pyrolysis of glucose (Glu) and MgO-
doping glucose (Mg-Glu).[58] 22Na SS-NMR illuminated the differ-
ence in the Knight shift behaviors between Glu and Mg-Glu. During
the fully sodium intercalated process, the 2>Na shift of Mg-Glu was
larger than that of Glu (1018 ppm vs. 973 ppm), indicating a higher
Na 2s state density at the Fermi level. Mg-Glu had a broader and
higher chemical shift, associated with the different chemical envi-
ronments, formation states, and sizes of quasi-metallic sodium
clusters (Fig. 4).

In general, the mechanism of sodium storage and diffusion in
hard carbons is not yet agreed upon. [59] It seems that SS-NMR will
be very helpful to understand the structure-activity relationship of

hard carbons and for optimization of structure design and their
electrochemical performance.

2.2.2. Graphite-type materials

Although graphite cannot be directly applied to SIBs, Na co-
intercalates with ether-based electrolytes in graphite provide a
new idea for the fast-charging capability of SIBs. In previous work,
the 2H NMR results showed that the diglyme molecules coordi-
nated to the Na* (Cyy_»6(diglyme); g.5,Naj) in sodium-diglyme-
graphite structure at low temperature (below 233 K). At room tem-
perature, Na*-diglyme rotated around the Na-O axis, facilitating
the rapid Na* diffusion into/out of the graphite.[60] Leifer et al.
compared Li*-(diglyme), and Na'-(diglyme), via 2H NMR and
TH-13C CP MAS NMR and observed notable free local behavior of
Na*-(diglyme), as well as a weak complex between the Na'-
(diglyme), and graphene sheets, resulting in the fast diffusion of
Na* into graphite.[61] Moreover, the solvent effects had been stud-
ied as well.[62,63] But due to the low specific capacity (90-100
mAh/g), research on graphite-type materials has gradually
decreased.

2.2.3. Sodium metal anodes

Compared with the other anodes, sodium metal anodes have a
higher theoretical specific capacity (1167 mAh/g) and lower redox
potential (-2.71 V). Unfortunately, due to the uncontrollable
interface-side reactions, dendrite growth, and huge volume
change, it is difficult for sodium metal anodes to achieve commer-
cial application at the present stage. Thus, non-destructive, in-situ,
and quantitative characterization of sodium metal anodes are
essential for practical applications.
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SS-NMR has unique advantages for characterizing the
microstructure of sodium deposition and detecting the chemical
composition of the electrode surface in sodium metal anodes. Bay-
ley et al. applied in-situ SS-NMR to explore the sodium metal
anodes for the first time (Fig. 5a). [64] Because the deposited
microstructures with high-surface area (HSA) were typically much
smaller than the skin depth, they were penetrated fully by radio
frequency (RF). In-situ 2>Na SS-NMR results suggested that HSA
microstructures were accumulated at all current densities in this
study (0.5, 1.0, 2.0 mA cm~2). However, with the quantitative anal-
ysis of the efficiency in the removal of the HSA microstructures, the
nucleation mechanism of lower current density (0.5 mA cm~2) and
higher current densities (1.0, 2.0 mA cm2) was shown to be quite
different. Xiang et al. provided information about the spatial distri-
bution and morphological evolution process of sodium metal
microstructures (SMSs) via in-situ 2>Na MRI and observed the
mathematical understanding of the correlation of the deposition
over-potential and SMSs.[65] As shown in Fig. 5b, the signal in
the F2 electrolyte (1 M NaClO4/PC + 2 vol% FEC) at 1125 ppm had
the smooth deposition of sodium metal during cycling, which
was consistent with the 2>Na MRI. In the FO electrolyte (1 M
NaClO,4/PC), the signal at 1100-1200 ppm was gradually increased
with long-time cycling, indicating the continuous growth of SMSs.
This work provided in-situ and quantitative information on the
deposition and stripping behavior of metal anodes with high
space-time resolution. In addition, other work focuses on the qual-
itative and quantitative analysis of the species at the electrode sur-
face, such as SEI, and we will summarize these in detail in
Section 3.2.

2.2.4. Alloy anodes

Most alloy anode materials provide higher specific capacity due
to the abundant valence changes during the cycling process, but
the large volume change restricts its commercial application. In
the process of forming alloys between Na and Sn, Sb, P, etc., there
will be a large number of amorphous intermediates, which are dif-
ficult to characterize by XRD. Combined with the PDFs and calcu-
lations, SS-NMR is often used to characterize the intermediate
structures and speculate on the mechanism of sodium formation.

Grey et al. first studied the alloying mechanism of Sn and Sb
anodes by SS-NMR and PDFs. As for the Sb anode, Na,Sb at differ-
ent stages of alloying (different x values) exhibited different chem-
ical shifts in 22Na SS-NMR.[66] During the sodiation process, a
broad peak at ~ 37 ppm was observed (x > 1, S1-a as shown in
Fig. 6), proving the independent phase of NaSb and Nas3Sb, which
disappeared in the de-sodiation state. In the second-half state of
S1-a, the signal peak at 37 ppm increased and moved to 42 ppm,
and an extra signal peak at 50-80 ppm was found, indicating the
mixture of several Na,Sb phases. Combined with the operando
PDFs, amorphous a-Naj ;Sb, a-Na3_4Sb (0.4 < x < 0.5) were observed
and the different mechanisms of the first sodiation and de-
sodiation processes and the second sodiation process proposed
(Fig. 6a). Sn electrode has a more complex sodiation mechanism.
Based on the previous work, Na;s.,Sng was considered the final
product after the charging process by !''°Sn SS-NMR.[67] Sn-
sodiation had five processes (0, 1, 2, 3, 4). Process 0 corresponded
with the formation of SEI and the conversion of SnO, or SnO to Sn.
During process 1, at approximately 450 mV (vs Na metal), 2Na
operando NMR revealed a signal peak with a chemical shift of
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620 ppm, which resembled the NaSn,. During process 2, at approx-
imately 220 mV (vs Na metal), the signal peak at 50-75 ppm cor-
responded to the a-Na; »Sn. And in the next process, the a-Na; ,Sn
translated to the Nag4Sn, with the chemical shift of signal peak
turned from 75 to 50 ppm to 202-180 ppm. And in the final pro-
cess, Na;sSns and Najs.xSns were observed with the signal peak
at 260 ppm (Fig. 6b). Ex-situ ''°Sn MAS SS-NMR, PDFs, and Ab ini-
tio random structure searching (AIRSS) results also confirmed this
conclusion (Fig. 6¢).

Non-metallic phosphorus anodes (2596 mAh/g) also undergo a
similar alloying mechanism during cycling. Mayo et al. predicted
the possible alloying mechanism of black phosphorus (BP) and
the metastable intermediate and final products during the cycling
process (NasPqq, NasP;, NaP, NasP4, and NasP) via calculated 31p
NMR chemical shift and AIRSS (Fig. 7a).[68] Marbella et al. discov-
ered the different mechanisms of BP anode in the first cycling pro-
cess of sodiation and de-sodiation via ex-situ P MAS NMR. In
addition, with the 23Na SS-NMR and 2D 3!P PASS experiments, a
more stable final product c-NasP-P63cm and more amorphous
intermediates (a-NayP with the chemical shift of ~ 29 ppm,
~78 ppm, and ~ 143 ppm) were proposed (Fig. 7b).[69] However,
Morita et al. observed that the phosphorous anodes exhibited
reversible cycling performance at the fourth cycling process, and
proposed the occurrence of different chemical shifts during the
cycling process using 2>Na and 3'P MAS SS-NMR, as well as >Na
triple-quantum (3Q) MAS SS-NMR. As shown in Fig. 7c, the signals
appeared in different regions, such as Na;_4P (signal A,0 < ot < 1, at
6 ppm of **Na NMR and ~ 240 ppm of *'P NMR), Na, P (signal B,

10

1< B <2, 23.5 ppm of 2>Na NMR and ~ 235 ppm of >'P NMR),
‘Nas_,P (signal C, 2 < y < 3, 45 ppm of 2*Na NMR and ~ 265 ppm
of 3P NMR) and NasP (signal D, 63 ppm of 2>Na NMR
and ~ 208 ppm of 3'P NMR).[70] The 3'P signal of NasP also
appeared in the fully sodiated VP, anodes, confirming that the
NasP was an important final component of sodiation phosphorous
anodes. The characterizations of Si-based Na,SiP, alloying anodes
using 23Na, 2°Si, and 2°P SS-NMR are also gradually emerged.[71].

2.2.5. Novel anode materials

Ti-based layered materials are potential anode materials for
SIBs with good cycling performance and structural stability.
Among them, Na,Tiz0; is the most representative species. Zarra-
beitia et al. evaluated the water stability and the spontaneous
exchange of Na* by H* of the Na,_H,Tis0; (0 < x < 2) via 2Na
multiple-quantum magic-angle spinning (MQMAS) SS-NMR, >3Na,
and 'H MAS SS-NMR.[72] Tsiamtsouri et al. reported the exfolia-
tion of Na,Tiz0; by HNO3; and NaOH to form H*-[Tiz0;] and Na'-
[Tis05], confirming the full ion exchange and stable [Ti;0]*" struc-
ture via 2>Na and 'H MAS SS-NMR.[73] In addition, with the ?>Na
MAS SS-NMR, Kajiyama et al. determined the Na* reaction/interca-
lation mechanism of the MXene (Mp+1X,Tx, M = Ti, V, Nb, etc.;
X =C, N; N = 1-3; Tx = functional termination group) Ti3C,Ty.
[74] Furthermore, SS-NMR has also been applied in the character-
ization of layered CrPS,4[75], organic anodes sodium naphthalene
dicarboxylate (Na,NDC)[76], polymer-derived SiCN[77], and SiOC
[78].
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Table 2

SS-NMR techniques in anode materials for SIBs.

Materials Contents SS-NMR Experimental details Chemical shift Ref
Nuclei MHz MAS
Hard Carbon
HC Sodium storage mechanism Operando 2*Na SS-NMR and 300 MHz — —40 ~ 760 ppm (sodiation < 0.8 V) [53]
23Na MAS SS-NMR (Hahn-echo) 300 MHz 60 kHz —70 ppm (sodiation 180 mV), 660 ppm (sodiation 5 mV)
HC (HTC of Glu) Sodium storage environments 23Na MAS SS-NMR 700 MHz 60 kHz 750 ppm (ionic sodium, full sodiation), 1135 ppm (metallic sodium, full sodiation) [48]
MCC-based HC Sodium storage behaviors 23Na MAS SS-NMR 500 MHz 10 kHz 9 ppm and 12 ppm (intercalated sodium) [55]
HC (dehydrated Local electronic structure Operando 2>Na SS-NMR 300 MHz — 760 ~ 960 ppm (ionic sodium, full sodiation) [56]
Glu)
HC (Glu and Mg- Sodium storage environments 23Na MAS SS-NMR 500 MHz 10 kHz 745 ~ 973 ppm (Glu, sodiation), 680 ~ 1018 ppm (Mg-Glu, sodiation) [59]
Glu)
HC (sucrose) Metallic property of sodium 23Na MAS SS-NMR 500 MHz 10 kHz 800 ~ 1120 ppm (quasi-metallic sodium, full sodiation) [54]
clusters (with FEC additive)
HC (sucrose) State of sodium, defect sites in 23Na MAS SS-NMR and MQMAS NMR 500 MHz 15 and —60 ~ 30 ppm (sodiation) [51]
structure. 20 kHz
Sieving carbons The chemical state of sodium 23Na MAS SS-NMR 400 MHz 50 and 960 ~ 1130 ppm (sodium clusters, sodiation) [58]
55 kHz
Al coat on pre- Sodiation mechanism, the 23Na MAS SS-NMR (single pulse) 200 MHz 10 kHz —12.2 ppm (intercalated Na), 0 ~ 3 ppm (Na SEI formation), —30 ~ -20 ppm [79]
charged soft composition of surface film (inserted Na)
carbon TH-13C CP SS-NMR (INEPT) 200 MHz ~17 ppm (methyl), 70 ~ 72 ppm (ethyl), 159 and 171 ppm (carbonate), 30 ppm
(tertiary carbons), ~170 ppm (NayCOs), 120 ppm (bulk carbon)
Graphite-type Materials
Na-diglyme-GIC Dynamics and coordination 2H and 2*Na MAS SS-NMR 500 MHz  — 2H: 167 kHz (-CD,-), 50 kHz (-CD3), [60]
structure 23Na: —50 ~ 10 ppm (Na-diglyme-GIC),
Graphite Dynamics of sodium co- H, 7Li, 3C, Na MAS SS-NMR (single 200 MHz  8-18 kHz  'H: 3.3 ~ 3.5 ppm (liquid diglyme), 3.4 ~ 3.5, and 5.4 ppm (diglyme inside the (t)- [61]
intercalation with diglyme pulse), 'TH-'3C and 'H-"Li CP (INEPT) GIC galleries).
7Li: 1.5 ppm (Li* co-intercalating with diglyme), 0.5 ppm (uncomplex, intercalated
Li*).
13C: 123, 121, and 89 ppm (graphite), ~120 ppm (aromatic carbons).
23Na: —12.4 ~ -9.8 ppm (surface film), —8.2 ~ -7.5 ppm (intercalated electrolyte)
TH-13C CP: 71 ppm (diglyme methylene), 60 ppm (methyl), 123 ppm (bulk graphite
carbons).
'H-'3C INEPT: 58.4 ppm (methyl carbon), ~70.2 and ~ 71.6 ppm (methylene
carbons).
'H-Li CP: 1.5 ppm (diglyme-complexed Li).
Sodium Metal Anodes
Sodium metal microstructures and high-surface-  In-situ 2>Na SS-NMR 300 MHz — ~1130 ppm (Na metal) [64]
area
Sodium metal The growth process of SMSs In-situ 2>Na MRI 400 MHz — ~1130 ppm (Na metal) [65]
Operando *Na NMR —
23Na MAS SS-NMR (single pulse) 25 kHz 7.2 ppm (NaF), 18.8 ppm (NaH), —11.0 ppm (Na in organic and inorganic species)
'H-?>Na CPMAS NMR
Alloy Anodes
Sb Sodium local environments 23Na MAS SS-NMR 700 MHz 5 and ~27 and ~ 37 ppm (Na,Sb), 50 ~ 80 ppm (Na5Sb) [66]
10 kHz
Sn Alloying mechanism Operando »*Na SS-NMR 300 MHz — ~620 ppm (NaSn,), 45 ~ 70 ppm (amorphous NaSn), 183 ~ 203 ppm (Na44Sn- [67]
Nay75Sn;), —75 and —260 ppm (Na;5Sny and Najs.,Sng)
23Na and ''°Sn MAS SS-NMR (Hahn-echo) 200 MHz 60 kHz 23Na: ~420 and 610 ppm (NaSn,), ~19 and 70 ppm (amorphous NaSn)
1195n: 6600 and 6275 ppm (NaSn,), 122 and 385 ppm (Na;sSn4 and an additional
structurally related phase).
Black P Sodiation and desodiation 23Na MAS SS-NMR 300 and 60 kHz 23Na: 69 ~ 93 ppm (NasP-P65cm) [69]
mechanism 700 MHz
31p MAS SS-NMR (Hahn-echo) 300 MHz 60 kHz 31p: 14 ppm (black P), —207 ppm (c-NasP).
Black P Sodiation and desodiation 23Na and 3'P MAS SS-NMR 500 MHz 1,10,and *Na: 6 ppm (Na;P), 23.5 ppm (Na,_3P), 45 ppm (Nas_,P), 63 ppm (NasP) [70]
mechanism 13 kHz 31p: 240 ppm (Na;_oP), —235 ppm (Nay_gP), =265 ppm (Nas_,P), —208 ppm (NasP)
23Na MQMAS NMR 500 MHz 20 kHz Isotropic spectra: 78.3 and 119.1 ppm (NasP), 18.0 and 22.1 ppm (NaP)

(continued on next page)
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Table 2 (continued)

Materials Contents SS-NMR Experimental details Chemical shift Ref
Nuclei MHz MAS
SiP, Sodiation and desodiation 31p, 23Na and '°F MAS SS-NMR 500 MHz 25 and 31p: —146 ppm (PFg), 6 ppm (NayHPO,4), 13 ppm (NasP0O,), 6 ~ 13 ppm (surface P), [80]
mechanism 30 kHz —100 ppm (bulk SiP,), —235 ppm (sodium-rich phase).
23Na: —4 ~ 0 ppm (Na in the species formed upon reduction of SiP,), —8.5 ppm (Na
ions)
19F: —225 ppm (NaF), —72 ppm (PFg)
Na,SiP, Chemical environments of 23Na, 29i, and 3P MAS SS-NMR 500 MHz 10 kHz 31p: —34.8, —52.6--71.4, and —74.7 ppm (Na,SiP,) [71]
elements 295i: —35.5, —39.3 and —59.0 ppm (Na,SiP;)
23Na: 8.1 ppm (NaySiPs)
VP, Partial conversion mechanism 31p MAS SS-NMR 500 MHz 10 and 300 ~ 900 ppm (VP;), —208.7 ppm (NasP). [81]
12 kHz
Novel Materials
MXene TizC,Ty Na* intercalation/deintercalation 23Na MAS SS-NMR 500 MHz 18 kHz —8 and + 5 ppm (Na* intercalation/deintercalation) [74]
mechanism
CrPS, Sodiation mechanism 23Na and 3'P MAS SS-NMR 200 MHz 60 kHz 23Na: —100~+200 ppm (sodiation), 49.6 and 6.9 ppm (Na,S and NaF) [75]
31p: —100~+200 ppm (+2Na), 39.4 and 15.2 ppm (+4Na), ~89.4 ppm (+5Na).
Nas_HyTi30- Spontaneous Na*/H* exchange 23Na and "H MAS SS-NMR, 2>Na MQMAS 500 MHz 20 kHz H: 4.5 ppm (H,0), 11.5 ppm (Na,_H,Ti307-H,0). [72]
SS-NMR 2Na: —100 ~ 20 ppm (NHTO,-H,0), —60 ~ 20 ppm (NHTO,-HCI)
Na,Tiz07 Structure of exfoliated/restacked ~ 'H (Hahn-echo) and ?*Na (single-pulse) 700 MHz  55- 'H: 11.3 and 13.1 ppm (H,Ti30;) 2*Na: —10 and + 3 ppm (Nal and Na2 sites in Na  [73]
Na(x)-[Ti307] compositions MAS SS-NMR 60 kHz (x)-[Tis07])
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50th, 100th, and 200th cycles. Reproduced with permission from [83]. (c) Single-pulse 2*Na NMR and "H—2?*Na CPMAS NMR spectra of SEI species harvested from Cu foil after
50 cycles, and the reference spectra of NaF and NaH. Reproduced with permission from [65]. (d) Ex-situ 2Na MAS NMR spectra of electrodes at different sodiation states in

ILs. Reproduced with permission from [85].
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In summary, SS-NMR can effectively characterize the amor-
phous anode materials and possible amorphous intermediate
products during the cycling process. It also provides richer charac-
terization information for speculating and in-depth understanding
of the electrode sodiation mechanism. Moreover, in-situ/operando
SS-NMR and MRI can quantitatively and non-invasively visualize
the growth of SMSs on the electrode surface, which is a great tool
for the design and modification of the anode materials (Table 2).

3. Solid electrolyte interfaces and electrolytes

In SIBs, complex contacts and reactions in different materials
form various electrode-electrolyte interfaces (EEI), including lig-
uid-solid and solid-solid interfaces. At the surface of reducing
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(negative) and oxidizing (positive) electrodes, the solvent and
sodium salt in the electrolyte inevitably decomposes to form an
interfacial layer with complex composition, namely solid elec-
trolyte interfaces (SEI) and cathode electrolyte interfaces (CEI).
Several components can effectively promote the transport of Na*
and prevent the electron transport, which can inhibit the uncon-
trolled decomposition of the electrolytes. The chemical and physi-
cal properties of SEI greatly affect the cycling performance and
lifetime of SIBs. Therefore, a comprehensive understanding of the
composition, structure, and chemical properties of SEI and elec-
trolytes will be of great significance for the development of
improved electrochemical cycling performance SIBs.

However, SEI mostly has the following properties:i) complex
polyphaser,ii) microscale,iii) amorphous,iv) sensitive to water
and air. Plus, Na* diffusion in the electrolyte and EEI is also com-
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plex. In recent years, 2>Na SS-NMR has become a powerful tool for
analyzing the SEI compositions and ionic diffusion at the atomic
level.

3.1. SEI composition characterization

SEI components mainly come from the decomposition of elec-
trolytes, so their elemental composition is similar to that in the
electrolyte solvents and sodium salts, i.e., containing Na, F, C, P,
etc. Compared with XPS, SS-NMR can directly characterize the
SEI components with different electrolytes and cycling processes.

Among the various anode materials, the SEI on the sodium
metal anodes has been more deeply characterized. Gao et al. first
discovered the excellent compatibility between the sodium-
difluoro(oxalato)borate (NaDFOB)-based carbonate-ester elec-
trolytes and sodium metal anodes.[82] 2*Na and ''B 3QMAS SS-
NMR proposed the existence of Na,CO3, NaOH, NaBF,, and Na4B,-
0s, as well as the residual sodium salt NaDFOB. '°F SS-NMR found
another important component, NaF in the SEI (Fig. 8a). Gao et al.
further proved that the mechanism of SEI formation in NaDFOB
and carbonate-ester solvents was different from that of the organic
solvent decomposition of traditional electrolytes. 'H, ''B, and '°F
in-situ NMR results indicated that the SEI was completely decom-
posed by NaDFOB rather than organic solvents during the cycling
process. 2>Na and ''B 3QMAS NMR further revealed the composi-
tion changes of Na,COs, Na,C,04, NaF, NaOH, NaBF,4, and Na4B,0s5
in the SEI (Fig. 8b).[83]In addition, Xiang et al. first reported the
existence of NaH on the surface of sodium metal anodes by 2>Na
MAS SS-NMR and 'H-*>Na CP MAS NMR (Fig. 8¢).[65].
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Apart from sodium metal anodes, Munoz-Marquez et al. first
observed the unstable SEI formed in Na,Ti;O, electrodes. '°F
MAS SS-NMR proved that a part of NaF originated from the decom-
position of the binder polyvinylidene difluoride (PVdF) at low volt-
age.[84] Also, Sun et al. investigated the excellent interfacial
compatibility of Ionic liquids (ILs) such as NaFSI/N-methyl-N-pro
pylpyrrolidinium bis(fluoromethane) sulfonamide (CsmpyrFSI)
with carbon electrodes. The '°F and 2>Na MAS NMR results sug-
gested the formation of NaF-rich SEI (Fig. 8d).[85].

3.2. Electrolytes and ionic liquids

SS-NMR is rarely applied to the research of electrolyte compo-
sition, but in some specific systems, such as the Na* diffusion in
the ion liquids, SS-NMR can get a wealth of information. Forsyth
et al. analyzed the transport in the [x mol% NaFSI]-C3mpyrFSI IL
electrolytes via 2>Na pulsed-field gradient (PFG)-NMR and proved
the best cycling performance taking place in the x = 50 electrolyte.
[86] Biernacka et al. first found the higher diffusion coefficients of
anion over cation in NaFSI-based Hexamethylguanidinium bis(flu-
orosulfonyl)imide ([HMG]FSI) IL electrolytes, which was different
from the mixture of LiTFSI/LiFSI and [HMG]FSL. For the various ions,
VT 2Na, 'H ([HMGJ"), '°F (FSI") SS-NMR, and PFG-NMR results reaf-
firmed this conclusion (Fig. 9a).[87] Recently, Stigliano et al. distin-
guished the diffusion behavior of Na* in two different chemical
environments (Na (1)-mobile Na* and Na (2)-involved in clusters
or interacting networks) in Pyr;sTFSI-NaFSI via VT 2°Na SS-NMR
and ?>Na PFG-NMR (Fig. 9b).[88].
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Fig. 14. Ex-situ “Li MAS NMR spectra of LisV,(PO,4); during (a) the first charge process within the electrochemical window of 3.0-4.8 V and (b) the first discharge process

within the electrochemical window of 4.3-3.0 V. Reproduced and adapted with permission from [111].
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Table 3
NMR properties of 2Na, ®Li and “Li.

Journal of Magnetic Resonance 353 (2023) 107516

Nucleus I Natural abundance NMR frequency at 9.4 T (MHz) Relative receptivity Quadrupole moment (mb)
5Li 1 7.42% 58.89 2.93 x 102 —-0.808

Li 3/2 92.5% 155.5 1.00 —40.1

2Na 3/2 100% 105.9 0.341 104

3.3. Solid-state electrolytes (SSEs)

SSEs and all-solid-state sodium batteries can further improve
the safety and energy density of SIBs. An in-depth understanding
of the structure and Na* transport mechanism of SSEs is the basis
for the development of SSEs with good electrochemical cycling
performance. In this section, we will summarize the SS-NMR appli-
cations in the study of phase characterization, chemical environ-
ment, and the ion transport mechanism.

3.3.1. Phase and chemical environment

As for the most basic application of SS-NMR, phase characteri-
zation provides the information on composition, purity, and struc-
ture of SSEs. Some SSEs are sensitive to air and water, such as
sulfide SSEs and polymer SSEs. Compared with ordinary XRD, SS-
NMR allows the SSE samples to be effectively isolated from air dur-
ing the characterization. In recent years, Fritsch et al. discerned the
changes in the Na and P atom local environment of Na,S,Pg via
23Na and 3P MAS SS-NMR to differentiate various P-S tetrahedrals
(Fig. 10a).[89] Zheng et al. investigated the interaction between gel
polymer electrolytes and sodium ions in the different molar ratios
of di(2-methylacryloyldioxyethyl)methyl phosphonate (MADEMP)
in MADEMP-(acryloyloxyethyl) diethyl phosphates (AEDEP)-ethyl
acrylate (EA) (GPE1) to Na* via 3P SS-NMR spectroscopy
(Fig. 10b).[90] Santhoshkumar et al. analyzed the local structure
of SiO4, PO4 and different phases of composite samples
(NASICON-type Na3Zr,Si,P0;5/Na,Si,05) via 3'P and 2°Si MAS SS-
NMR.[91] Keshri et al. observed the Ag*-Na* ion exchange and
structure of NasAl; sSiq g5P15012 glass electrode via 23Na, 27Al,
295j, 31p MAS SS-NMR and %3Na, ?’Al MQ MAS SS-NMR.[92]
SS-NMR has also been applied to the structural characterization
of new solid electrolyte materials, such as Na,B;;H;3 and
Naj1(B11H14)3(B11Hq3)4 via 'B MAS NMR (Fig. 10c).[18].

3.3.2. Na” ion diffusion processes

SS-NMR can uniquely characterize the kinetic processes of Na*
in SSEs, such as the ion diffusion mechanism. In particular, the
ion diffusion coefficient can be directly determined by the VT
and PFG SS-NMR.[93] SS-NMR has been widely used to study the
ionic transport mechanism of Li* in SSEs[94,95], but not in the
sodium-based SSEs. In recent years, Deng et al. determined the
23Na-T; relaxation times of NASICON-type NasSc,Zr(SiO4)s-
x(PO4)1+x (N3, 0 < x < 1) and NayScyZr;.y(SiO4)1-y(PO4)2+y (N2,
0 <y < 1) at different temperatures and proposed the 3D diffusion
pathway of Na* in the NASICON-type materials (Fig. 11a).[96]
Combined with the molecular dynamics (MD), bond valence, and
maximum entropy methods, 22Na SS-NMR revealed the 3D diffu-
sion pathway (consisted of several 2D local hops) with Na* contin-
uously exchanged between the Na (1) and Na (2) sites. Shastri et al.
performed the Gaussian distribution of activation energies and
mean barrier values in the yNa,S + (1 - y)[xSiS, + (1 - x) PS,5]
via the FWHM and T; in VT 2>Na SS-NMR spectra (Fig. 11b).[97]
23Na NMR second moment results suggested that the spatial
arrangement of cations was uniformly distributed over most of
the composition range in the y = 0.5 and 0.65 samples. Simari
et al. reported the Na-Nafion membrane (NNM) for the sodium
metal aprotic batteries, indicating two distinct Na* populations
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from the 2>Na MAS SS-NMR and 23Na-T; measurements, corre-
sponding to the Na* either combined with the anionic sulfonic
groups or coordinated by the carbonate molecules. The Na* diffu-
sion coefficient in solid polymer electrolyte was firstly measured
via PFG-NMR (5 x 1077mS cm™2, 30°C to 1 x 10°®mS cm~2, 60°C).
[98] In addition, Zettl et al. reported a metal-organic framework
(MOF)-based MIL-121 SSEs with Li* and Na*. [99] They observed
the crossover from the correlated to the uncorrelated motion at
higher temperature by “Li and 2>Na NMR spin-lattice relaxation,
and the significantly lower activation energy for Li* hopping upon
adding soaking electrolytes. '"H MAS SS-NMR and 'H-'3C CP MAS
NMR results showed that the main charge carrier was Li* in Li-
bearing MOF (Fig. 11c). In addition, >Na-T; relaxation times for
Sc-doped NASICON-type NasZr,SiPO;, proposed the effect of
Sc3* on the local structure (Na (1), Na (2) and, Na (3)).[100].

4. In-situ NMR and MRI characterization

Cells, considered as a black-box, have abundant non-disclosed
electrochemical or chemical reactions and intermediate phases
during operations. Ex-situ SS-NMR characterization requires paus-
ing the electrochemical cycling and dismantling of the cells, which
leads to the rapid reaction or self-relaxation of intermediate phases
and loss of electrochemical information. In-situ SS-NMR and MRI
techniques can make up for obtaining more real-time and dynamic
information inside the cells, such as unstable chemical species,
amorphous materials, ionic diffusion, and so on. In addition, in-
situ MRI, with the magnetic field gradients, provides higher spatial
resolution, concrete and intuitive information in real-time. There-
fore, these characterization techniques are powerful for deep
understanding of the electrochemical reaction mechanism, reveal-
ing the failure of SIBs thus leading to improve their cycling perfor-
mance. At present, in-situ SS-NMR and MRI have been widely
applied in LIBs[101-103], but far fewer studies focus on the SIBs.
In this section, we will summarize the applications of in-situ
NMR and MRI in SIBs.

Due to the limited resolution under static conditions, in-situ SS-
NMR and MRI techniques are rarely applied to the characterization
of cathode materials. Liu et al. investigated the structural and
dynamical changes of Na3V,(PO4),F3 during the charging process
via in-situ 2>Na SS-NMR and proved the three different stages of
charging with different Na* electronic mobility and vanadium elec-
tronic configurations (Fig. 12a).[26] Li et al. probed the structural
evolution of Na3V,(P0O4),016F14 (NV™8POF) during the cycling
process via operando 2>Na SS-NMR. The reduction (charging pro-
cess) and recovery (discharging process) of the broad signal peak
at 90 ppm showed the reversibility of the electrochemical cycling
process (Fig. 12b).[43].

More research focus on the anode materials, especially sodium
metal anodes, hard carbon, and Si-based anodes. The applications
in sodium metal anodes and SEI characterization have been com-
prehensively summarized in Sections 2.2.3 and 3.1. Si¢ et al. proved
the reversible structural evolution of SiCN anodes during the
cycling processes and the formation of the sodium dendrite growth
when the voltage was increased to 2.5 V.[77] 2>Na in-situ SS-NMR
results showed the consecutive and reversible intensity fluctua-
tions of the signals at —13 ppm (electrolyte) and 1120 ppm
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(sodium metal). It was conducive to understanding the structural
evolution and the formation of SEI, sodium metal, and sodium den-
drites with the Na* diffusion in these materials (Fig. 13a). Gao et al.
first demonstrated the decomposition of NaDFOB, instead of elec-
trolyte solvent, to form a stable SEI via in-situ SS-NMR (Fig. 13b).
[83] Bray et al. first developed the visible electrochemical analyti-
cal methods of the electrodes and electrolytes in hard carbon via
operando 2>Na SS-NMR and 22Na/'H MRI (Fig. 13c).[104] They
proved the formation of sodium metal during the first cycle and
electrochemical changes of sodium species in the cells and laid
the foundation for further understanding the electrochemical reac-
tion mechanism of other materials. As for the solid-state elec-
trolytes, Rees et al. reported the applications of T,-weighted MRI
to characterize the growth of sodium microstructures in the all-
solid-state batteries (Fig. 13d).[105] The T, of sodium dendrites
was significantly longer than the bulk sodium metal, due to the
higher mobility of dendrites. Combined with the X-ray and
microscope-based characterization, the 2>Na T,-weighted MRI
obtained an extra method of characterizing the microstructure
growths, dendritic, and crack formations. In the future, in-situ
NMR and MRI techniques will be attractive and suitable for other
electrodes and electrolytes.

5. Comparison of >>Na and %’Li NMR/MRI techniques in
batteries

As far as we know, with the effect of the quadrupole interaction,
23Na SS-NMR spectra show broader signals as compared to °Li/’Li
NMR which makes the ?®Na NMR spectra more complex.
[106,107] Although 23Na has near 100% natural abundance, its sen-
sitivity is still lower than “Li due to their difference in receptivity.
Table 3 lists the NMR properties of 2>Na, °Li, and ’Li. Some papers
have considered the differences in the electrodes and interfaces
between SIBs and LIBs, such as the difference in crystal structure
[5], metal anode[108], and SEI[109], etc. However, few researchers
have focused on the SS-NMR spectrum differences of lithium/-
sodium in similar material systems in SIBs or LIBs. A better under-
standing of the differences in SS-NMR spectra between similar
materials of SIBs and LIBs may contribute to the further develop-
ment and optimization of novel materials. In this section, with a
comparison of the SS-NMR spectra and methods of Na and Li in
similar materials, we hope to stimulate some new ideas for subse-
quent research.

Material characterizations. Due to the different crystal struc-
tures of various Na/Li-based materials, the ionic migration in the
materials experiences distinctly different processes. SS-NMR can
effectively capture information of local structure evolution in sim-
ilar types of cathode materials in SIBs and LIBs. The chemical shifts
of cathode materials are mainly affected by the hyperfine interac-
tions of TM ions. Taking the monoclinic Na;V,(PO,4); and rhombo-
hedral LizV,(PO,4); as examples, as mentioned in Section 2.2, 2>Na
SS-NMR confirmed the reversible cycling performance of NasV,(-
PO,4)3, and the signals at ~ 223 ppm and —137 ppm in the charging
process respectively corresponded to the hyperfine interaction of
V4" and V2*.[27] However, in the previous work, the surface of pris-
tine LisV»(PO,); was composed of V>*, V4, and V3*, but V°>* was not
found on the surface of pristine NasV,(PO,4)s by XPS, which indi-
cated the different distribution of M* and crystal structures in
M3V,(PO,); (M = Li* or Na*).[110] “Li MAS SS-NMR showed the
three chemical shifts at 103, 52, and 17 ppm in Li3V,(PO4)s. Unlike
Na3V,(POy)s, LizV,(P0O4)s showed a complex electrochemical mech-
anism of structure evolution, especially in the kinetically difficult
process between Li;V,(PO4); and V,(PO4)s. The signals at 143 and
91 ppm corresponded to the distorted structures of Li sites in
Li,V,(PO4)s, which exhibited irreversible structural deformation
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Table 4
NMR methods and corresponding applications in sodium batteries.
NMR techniques Applications Representative Ref.
Examples

Magic-angle Narrow line-width of A usual [44]
spinning, MAS signal for high- experimental

resolution spectra. condition applied
in almost all
components.

Cross-polarization, Increase the Interfaces: soft [79]
cpP sensitivity of low- carbon.

abundance nuclei

Projection of Sperate the Paramagnetic [16]
magic-angle overlapping main cathodes
turning phased- peaks and sidebands
adjusted to identify the main
sideband resonances.
separation,

PiMATPASS

Pulsed-field Collect self-diffusion Solid state [87]

gradient, PFG coefficients to obtain  electrolyte (SSE):
kinetic information [HMG]FSI
about ions diffusion,
and applied to MRI.

Two-dimensional Provide quantitative Cathode: [42]
exchange data about ion Na,FePO4F
spectroscopy, transport processes.
2D-EXSY

Dynamic Nuclear Increase the Anodes and [121]
Polarization, sensitivity of NMR Interfaces
DNP signals. (expect)

In-situ NMR Capture metastable Cathode: [26,64,83]

structures and collect  NasVy(PO4),F3

real-time Anode: Sodium

information. metal
Electrolyte:
NaDFOB

Magnetic Visualize the spatial Anodes: sodium [65,104]
Resonance distribution of metal, hard
Imaging, MRI signals. carbon.

Variable Acquire information Anode: Sb. [66,122]
temperature, VT  such as ionic mobility =~ SSE: NaZr,(PO4)s

to evaluate ion
dynamics.
Rotational-echo Determine the Cathode: S-NMO  [17]

double-
resonance,
REDOR

internuclear
distances.

during the cycling processes (Fig. 14).[111] The differences
of Na/’Li SS-NMR spectra represent the various kinetics electro-
chemical mechanisms, structural evolutions, and cycling
reversibility of NasV,(PO4)s and LisV,(PO4)s. Therefore, comparing
the SS-NMR spectra of similar species contributes to a deep under-
standing of Li-doped cathode materials and novel materials in SIBs.

SS-NMR spectroscopy. Rich experimental methods in SS-NMR
provide effective information in SIBs. As for the sodium metal
anodes, the chemical shifts of anode materials are mainly affected
by the Knight shift, which come from the interaction of nuclear
spins with electrons in the conductors or semiconductors. Espe-
cially in the metal anodes, the chemical shifts of sodium metal
(~1130 ppm) and lithium metal (~250 ppm) are quite different,
while the chemical shifts of their SEI are both close to 0 ppm. Such
a large Knight shift of sodium metal requires a wide excitation
bandwidth for SS-NMR to detect all sodium signals, which may
pose extra difficulties to the in-situ NMR and MRI experiments.
As for the solid-state electrolytes, unfortunately, because the
23Na is the sole stable isotope, the experiments like °Li/’Li tracer-
exchange[112] are out of question for SIBs. In addition, short T,
and T, of ?>Na result in the poor signal to noise ratio in
PFG-NMR experiments and thus it becomes hard to accurately
determine the Na* diffusion coefficient in sodium solid-state
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electrolytes.[113] Nowadays, the SS-NMR techniques in LIBs have
been developed rapidly, and great progress has been made in the
research of the morphology, surface composition, and Li* diffusion
mechanism of lithium metal anodes, such as the dissolution of
lithium metal via “Li in-situ SS-NMR.[114] In the future, by adapt-
ing the SS-NMR experimental methods and pulse sequences devel-
oped in LIBs[10], 2Na SS-NMR could provide more effective
information for the electrode materials in SIBs.

6. What can we learn from SS-NMR in SIBs?

As a non-destructive and quantitative spectroscopic characteri-
zation method, SS-NMR has been widely applied to characterize
various solid materials, including organic, inorganic, amorphous,
and crystalline materials. The anisotropic interactions in solid
materials provide rich chemical and local structural information.
However, the complex low-resolution SS-NMR spectra make it dif-
ficult to interpret the structural information in different systems.
For example, the hyperfine interaction between the 3d/4d
unpaired electrons of the TM and the Na nuclei in paramagnetic
materials leads to broad peaks and dramatically complicates the
obtained ?>Na SS-NMR spectrum, but it contains some information
of spatial location and orientation of TM ions in the lattice
structure.

In recent years, several articles have focused on the basic prin-
ciples and experimental methods of SS-NMR, the advantages, and
features of ex-situ/in-situ SS-NMR experiments[107], and the
applications of SS-NMR in functional nanomaterials[115], LIBs
[10], SIBs[11], and electrode-electrolyte interface[116]. Most of
these articles and monographs have already detailed the main
interactions in SS-NMR (such as chemical shielding, dipolar-
dipole interactions, quadrupole interactions, etc.) [9]. In this sec-
tion, we aim to discuss the experimental conditions and methods
of SS-NMR in sodium-ion battery research and provide several
selection bases for SS-NMR experiments in different materials
and structures.

6.1. Overview of SS-NMR techniques in SIBs

Magic-Angle Spinning (MAS). As one of the most popular SS-
NMR techniques, the working principle of MAS (6 = 54.7°, between
the magnetic and rotation axis) has been extensively discussed.
[107] High-resolution SS-NMR experiments generally require to
use MAS. In practice, MAS often fails to completely remove aniso-
tropy when the spinning is not fast enough, leading to a series of
spin sidebands spaced at the rotational speed. Thus, paramagnetic
materials in SIBs are mainly characterized at high speeds (Table 1).
In addition, it is worth noting that eddy currents from high-speed
rotation can significantly affect the chemical shift of those samples
with high electronic conductivity (such as carbon-based materials).

Relaxation Times T,/T,. After disturbed by the applied RF, a
nuclear spin deviate from its equilibrium state. The recovery from
the non-equilibrium back to equilibrium state is governed by the
relaxation processes. Among them, the spin-lattice relaxation
time, T;, corresponds to the process of energy transfer between
the spin system and its surrounding medium. While the spin-spin
relaxation time, T, represents the internal energy transfer within
the spin system. Measuring T; and T, allows us to obtain various
information such as ion-transfer kinetics, material structure, inter-
face species composition, and so on. For example, when the 2>Na
ions in different chemical environments have different mobilities,
they preserve their own relaxation behaviors. By measuring T; of
individual 2>Na ion, we are able to characterize the local structure
and ionic motion in solid-state electrolytes [117] and ionic liquids
[88].
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Cross polarization (CP) CP is the method of transferring the
polarization of the high-abundance nucleus (such as 'H, '°F) to
the low-abundance nucleus (such as '3C, '°N) primarily mediated
by the dipole interactions between the two nuclei, thereby enhanc-
ing the signal of the low-abundance nucleus and significantly
reducing the spectral acquisition time. Combined with MAS, the
CP-MAS technique is a powerful tool for the determination of the
charge-discharge mechanisms of the organic anode materials
and quantitative analysis of nuclei in specific chemical environ-
ments in SIBs. In the future, the CP-MAS technique is expected to
be used for the analysis of SEI composition and structure of SIBs.

Two-dimensional exchange spectroscopy (2D-EXSY). 2D-
EXSY is the NMR scheme that has a mixing period sandwiched
by two different time-domains (i.e., t; and t; domains). The chem-
ical shifts evolve in the two time-domains separately. However,
when there exists a relatively slow chemical exchange between
the ions with different chemical shifts, their signal intensities start
to mutual exchange during the mixing period, resulting in cross
peaks in the 2D spectrum. This is a powerful technique allowing
to identify those ions that have different chemical environments
but experience slow chemical exchange between them and to mea-
sure their exchange rate constants, if needed, by varying the mix-
ing period. We can thus obtain the dynamic information of solid
materials in SIBs from 2D-EXSY spectra, such as the ion migration
mechanism and transport path.

Pulsed-field gradient (PFG). Different from conventional SS-
NMR experiments conducted under a constant magnetic field,
pulsed-field gradient enables further analysis of the spatial distri-
bution of the nuclei of the target atom. In addition, combined with
the VT and relaxation time measurement, the PFG technique can
effectively determine kinetic information, such as ion mobility
and ion migration path in solid electrolytes.

Dynamic nuclear polarization (DNP). The DNP technique is to
polarize the spin energy level of the relevant nucleus through the
interaction with electrons by irradiating the electrons. Thus, those
SS-NMR signals from low-content components can be greatly
enhanced. DNP has shown great advantages in the characterization
of electrode-electrolyte interface components and structures of
LIBs[118-120], and we look forward to the further applications
of DNP in SIBs.

In-situ NMR/MRI. The advantages and application of in-situ
NMR/MRI have been introduced in Section 4. In fact, by avoiding
the exposure of air and the destruction of batteries, in-situ NMR/
MRI can determine the metastable species and distribution of SIBs
during cycling.

In addition to these techniques, several pulse sequences have
been used to characterize various materials and structures in SIBs.
For example, the projection of magic-angle turning phased-
adjusted sideband separation (pj-MATPASS) is widely applied to
separate the main peak and the sideband of paramagnetic materi-
als in SIBs, while REDOR is used to determine the interactions and
distance between specified nuclei. The methods and corresponding
applications of SS-NMR in SIBs are summarized in Table 4.

6.2. Limitations of the SS-NMR techniques

Although the SS-NMR technique has become one of the most
important characterization methods in SIBs, it is necessary to rec-
ognize several limits of SS-NMR in SIBs and move forward with
future research on these limits.

Pulse sequences for paramagnetic materials. The short T,/T,
and spectral complexities of some paramagnetic materials make
it difficult to obtain well-defined local structure and dynamic
information. Choosing the appropriate sequences to simplify the
spectra, such as suppressing spinning sidebands in paramagnetic
materials and similar chemical shifts of complex compositions in
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SEI, can effectively enhance the resolution of SS-NMR characteriza-
tion of paramagnetic materials. Therefore, the development of
pulse sequences and simulations and calculations of SS-NMR for
paramagnetic materials will be an important opportunity.

Higher resolution/sensitivity. To achieve higher resolution and
sensitivity, the characterization of the SS-NMR technique requires
more powder samples and longer experimental times (especially in
the characterization of low abundance nuclei), which in turn limits
the rotation speed and makes spectral analysis difficult. However,
the high cost of the DNP technique or ultrahigh magnetic field
makes it difficult to scale. It is worth thinking about how to further
improve the resolution of SS-NMR techniques with economy
methods.

Quantitative analysis. Quantitative analysis with NMR has
been widely applied in liquid samples. However, limited by the
broad peaks and identification difficulties, the advantages of SS-
NMR in the quantitative analysis of SIBs have not been fully devel-
oped. In recent years, more and more articles have focused on the
quantitative analysis of SEI[123], dead Li[114 124], and the failure
mechanism[125] of lithium metal anodes via in-situ/ex-situ SS-
NMR. Quantitative analysis of the evolution process of electrolytes
in sodium metal anodes has also been reported [82,83]. Combined
with other characterization techniques, such as ex-situ titration
gas chromatography (TGC) and mass spectrometry titration
(MST) techniques[125], quantitative analysis with SS-NMR can fur-
ther study the evolution and failure mechanism of SIBs in the
future. We believe the development of quantitative analysis meth-
ods for SS-NMR will be very useful.

7. Summary and perspective

Over the past decade, SIBs have made remarkable progress due
to the cost advantage. SS-NMR techniques have greatly promoted
the understanding of the material structure and ionic diffusion in
SIBs, especially in amorphous materials. In this article, the
advanced characterizations of SS-NMR in SIBs of cathode materials,
anode materials, SEI, and solid-state electrolytes are systematically
discussed with special attention to the application of in-situ NMR/
MRI techniques. Nowadays, SS-NMR techniques have shown
unique advantages in the study of local structure evolution|[16],
material phase change[26], Na-ion transport mechanisms[96],
and surface component analysis[65]. To obtain non-destructive
and real-time information, in-situ NMR/MRI techniques have also
been applied in the formation of inactive sodium[65] and elec-
trolytes[83], which have high chemical reactivity. The current
research progress exhibits that the SS-NMR techniques have grad-
ually become an indispensable tool in the characterization of SIBs.
Furthermore, we summarized and analyzed the differences in
spectra and methods between 2>Na SS-NMR with “Li/®Li SS-NMR,
which is helpful to deepen the understanding of the material struc-
ture and experimental methods in SS-NMR. However, the SS-NMR
techniques of SIBs still encounter several difficulties such as in the
spectral elucidation, accurate quantitative analysis of electrode
interfacial components, high-resolution of in-situ NMR/MRI, etc.
In addition, the combination of SS-NMR with other techniques
(XRD, XPS, XAS, PDF, etc.) is an important means to comprehen-
sively understand the key issues of SIBs.

For paramagnetic materials, paramagnetic ions and complex
interactions complicate the SS-NMR spectroscopy. In sodium lay-
ered oxides, the structure and reaction of 02~ significantly affect
the cycling stability of high voltage cathode materials. Unfortu-
nately, due to the low natural abundance of 170 (0.04%, with low
NMR sensitivity) and the complex interaction between the 0%
and paramagnetic TM ions, 170 SS-NMR and paramagnetic TM
SS-NMR (such as *>>Mn) cannot be directly applied to the character-
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ization of cathode materials. But based on the high magnetic fields
SS-NMR[126], high speed MAS and 70 isotope labeling materials,
the application of 170 SS-NMR in SIBs will be feasible in the future.
[127] Furthermore, it is also important to quantitatively analyze
the relationship between ion diffusion, structural or phase transi-
tion, and cycling stability of electrode materials with VT and PFG
SS-NMR experiments. In addition, the combination of SS-NMR
techniques with efficient theoretical calculations and simulations
is conducive to achieving reliable peak identification and predic-
tion of NMR spectra.[128,129] Lin et al. first calculated the chemi-
cal shifts and Na* distribution of the various sites in the P2-Nay3
(Mgq3Mny3) O, via density functional theory (DFT) and deep
potential molecular dynamics (DPMD)[130]. They then presented
a machine learning (ML) model, based on the local structure
descriptors and a Neural Network (NN) to predict the NMR chem-
ical shift of paramagnetic materials Nay3 (Mgy;3Mny3) 02.[131]
Compared with other cathode materials, it is worth mentioning
that there is still limited SS-NMR work on Prussian blue materials
and their analogs in the literature. All in all, SS-NMR studies for
new positive poles are still challenging.

Electrode-electrolyte interface is one of the key issues in the
development of SIBs in the future. Due to the high reactivity of
anode materials during the sodiation process, some dynamic infor-
mation may be lost in the sample cleaning and loading which are
required for the ex-situ SS-NMR experiments. For the research on
SEI, due to the complex and trace composition, SS-NMR cannot dis-
tinguish them quickly and accurately. MQ MAS experiments (in
weaker hyperfine interaction systems), pj-MATPASS (in stronger
hyperfine interaction systems) and DNP technique (especially in
low abundance nuclei, surfaces and interfaces of electrodes) can
respectively improve the sensitivity and resolution of SS-NMR in
different application orientations. In addition, 2>Na PFG-NMR
experiments have a poor signal-to-noise ratio, which is not con-
ducive to an in-depth understanding of Na* diffusion. Recently,
first-principles phonon calculations were applied in the prediction
of 2Na NMR chemical shift and Na* diffusion mechanism in the
solid-state electrolyte NASICON NaZr,(PO4); which exhibited the
importance of combining NMR with theoretical calculations/simu-
lations. In addition, research on electrolyte additives is gradually
increasing. The characterization of special components in elec-
trolytes, such as SnCly[132] and KTFSI[133], via ''®Sn/*°K SS-
NMR technique may be beneficial to understanding the formation
and composition of SEI and CEL

In-situ NMR and MRI exhibit great advantages and potential in
non-destructive and quantitative analysis of the complex electro-
chemical mechanism in SIBs. However, in practical application,
these technologies still need to overcome several challenges.
Firstly, in general, the sample cannot be rotated, so that the nuclear
interactions cannot be eliminated, thus broadening signals and
lowering spectral resolution as compared to the ex-situ MAS SS-
NMR, especially in the paramagnetic cathode materials. Freytag
et al. demonstrated a new in situ MAS ’Li NMR strategy through
a novel jelly roll cell design, which acquired adequate resolution
to monitor the full lithium inventory during cycling.[134] How-
ever, only the 1/100C cycling rate of LiCoO,/graphite cell has been
achieved, and its electrochemical performance, cell structure (non-
metallic current collectors), and spinning speed need to be further
optimized. Secondly, various components correspond to the differ-
ent chemical shifts, such as the sodium metal (~1130 ppm),
sodium salt (~0 ppm), and cathode materials (broad signal peak).
But the applied RF cannot effectively/uniformly excite the entire
range[107], which leads to information loss and difficulty distin-
guishing the components which correspond to the similar chemi-
cal shifts. In addition, the metal shell in the common coin cells
will prevent the RF from exciting the electrode materials and the
NMR signal acquisition (called the “skin effect”)[102]. The size of
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common coin cells is also not suitable for in-situ SS-NMR and MRI
coils. Nowadays, a mass of work focuses on the new types of in-situ
cells, such as cylindrical cells and pouch cells, which require high
tightness and ample electrical contact with electrode materials.
Plus, it is also important to design the appropriate pulse sequence
according to the cell structure to improve the resolution of In-situ
NMR and MRI. The development of in-situ MAS NMR devices [134],
high gradient magnetic field, and advanced pulse trains will possi-
bly achieve high-resolution NMR signal acquistion in the in-situ
NMR and MRI experiments.

In conclusion, SS-NMR has become an important technique in
the characterization of SIBs, but it is yet to be a ‘perfect’ character-
ization technique. However, the rapid development of SIBs cannot
be separated from the characterization support of SS-NMR tech-
niques. We expect that the richer SS-NMR techniques will play a
greater role in exploring complex electrochemical processes in SIBs
at a different time/spatial scale.
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