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Solid state lithium ion conductors are promising to replace the organic liquid electrolytes for a safer and long
cycle-life lithium battery. However, solid electrolytes are still not fully explored and need extensive basic studies
to understand their intrinsic conducting mechanism and interfacial properties between electrodes and electro-
lytes. In this review, we highlight the latest progresses in the research of lithium ion conductors by using ad-

vanced solid state nuclear magnetic resonance(SS NMR) spectroscopy, i.e. Magic angle spinning (MAS) NMR,
pulsed-field gradient (PFG) NMR, spin-lattice(SLR) as well as spin-spin relaxation NMR, spin alignment echo
(SAE) NMR and two-dimensional exchange (2D EXSY) NMR, and briefly review the application of these solid
NMR techniques in LISICON-, NASICON- and Garnet-type lithium ion conductors in the different time/length
scales, as well as the measurement in the determination of ion occupancy, ion diffusion pathways, and diffusion

coefficients.

1. Introduction

Lithium ion batteries (LIBs) are promising candidates for sustainable
energy to replace conventional fossil energy, which caused severe en-
vironmental pollutions and carbon dioxide emissions. The demand for
sustainable energy is increasing. Improving the energy density of the
energy devices is critical, but it cannot be overlooked that the safety of
the portable energy storage devices. Nowadays, the commercial li-
thium-ion batteries using flammable and explosive organic electrolyte,
has caused some risky in the large-scale operations of the batteries [1].
As an alternative to commercially dominant liquid organic electrolytes,
solid electrolytes have attracted a great deal of attention on both aca-
demia and industry due to their good mechanical properties, wide
electrochemical windows and good chemical stability, and can greatly
improve the safety of lithium-ion batteries. However, the applications
of solid-state batteries are mainly limited by its large internal re-
sistance. Therefore, in order to play the advantages of all-solid-state
batteries, improving the ionic conductivity of solid electrolyte and re-
ducing the solid interface impedance are the key issues. The pre-
requisite of solving the above problems is to understand the movement
patterns of lithium ions in solids. At present, various complementary
techniques have been used to characterize the structure and lithium
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dynamics of solid electrolytes, such as XRD [2], NPD [3], AC impedance
[4-8], and SS-NMR[9-13]etc. Among them, SS-NMR, with the de-
monstrated ability to detect local structure and ion dynamics of specific
nucleuses in the solid electrolytes, is an indispensable characterization
method of analyzing ion motions at the atomic level. In this short ar-
ticle, we first briefly introduce a variety of NMR techniques for solid
electrolytes, including NMR techniques at different time scales. Then
some newest progress in the detection of the ion occupancy at different
Li sites and Li* migration path, dynamic parameters such as diffusion
coefficients by using different SS NMR techniques are also summarized
and reviewed.

2. Short introduction to NMR techniques

Local species with different chemical environments such as defects,
atomic disorders, and dynamical processes, derive different NMR sig-
nals. In return, NMR spectra are sensitive to the local structure of
species [14]. As a powerful nondestructive and noncontact technique,
NMR is capable of investigating various materials, either crystalline,
amorphous or nano-structured materials [9-13].
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Table 1
Classification of commonly used dynamical techniques from macro- and micro-perspec-
tive.

Macroscopy Microscopy
NMR techniques PFG NMR NMR relaxation
SAE NMR
2D EXSY NMR

Line widths

2.1. Structural analysis

In solid ionic conductors, °Li, ’Li, 3P, 2’Al. etc. are frequently-used
nuclei. As the conductive cations in highly conductive electrolytes, li-
thium ions are involved in the diffusion pathway directly. Therefore,
®Li/’Li MAS NMR spectra can provide the detailed information about
cations distribution with high resolution and sensitivity respectively.
Apparently, 3'P [8] and %Al et al. could be employed to investigate the
framework and the effects of doping elements on structural changes of
the different solid electrolytes.

2.2. Dynamics characterization

On the other side, NMR techniques can be used to probe the Li-ion
dynamics directly from macroscopy to microscopy in different length/
time scale (see Table 1) [15-18].

2.2.1. Pulsed-field gradient (PFG) NMR

In terms of macro-dynamics, pulsed-field gradient (PFG) NMR
technique has the direct approach to collect self-diffusion coefficients in
the range of 10" m?s™ ! to 10~ ' m®s~ !, by fitting the Stejskal-
Tanner equation [19,20].

Mg (27) = My (27) exp[—y?g%6%D (A — 6/3)] = My (27) exp(—bD)
b = —y%*§%(4 - §/3)

where g, §, and A denote the pulse strength, duration time and interval
time. Varying g, §, and 4, the self-diffusion coefficients can be acces-
sible.

2.2.2. Line width analysis

While microscopic NMR techniques, such as NMR line widths [21],
when the structure of material is not significantly unchanged, can give
the first sight into the fast motion of Li*, the activation energy can be
calculated by the empirical expression of Waugh and Fedin [22] or by
fitting the formula introduced by Abragam [23] for motional narrowing
of dipolar interaction.

2.2.3. Spin-lattice relaxation and spin-spin relaxation

Measurements on different relaxation rates, spin-lattice relaxation
rates R (in laboratory frame) and R;p (in rotating frame) and spin-spin
relaxation rate R,, provide Li-ion dynamics in different time scales (see
Fig. 1). Ry is sensitive to diffusive motion with jump rates for the range
around Larmor frequency, which can be varied from 10 MHz to several
hundred megahertz. R;p measurements with spin locking frequency and
R, measurements can be used to detect slower motion in the kilohertz
range [25]. Temperature dependent R; rates measurements are applied
to calculate the activation energy (E,). The two flanks of relaxation
rates maximum are named as the low-T regime and the high-T regime
respectively. Both of which fulfill the Arrhenius plots, then the two
values of activation energy can be obtained by the adapting the fol-
lowing equation to the plots.

exp [Ea high/(kB T)] T> Tmax
exp [_Ea low/(kB T)] T< Tmmv
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Fig. 1. Timescales of different microscopic NMR measurements. SAE denotes the spin
alignment echo NMR. T, ~ ! and Ti, ™ 1 denote the spin-lattice relaxation time in the la-
boratory and rotating frame respectively. T, ! is the spin-spin relaxation time. 2D NMR
denotes the 2D EXSY NMR. The Figure is adapted from ref. [24].

Ealow=(ﬁ_ l)Eahighl <ﬁ§2

Eq 10w is affected by correlation effects, thus, E; g is commonly used
to represent the activation energy of ionic motion [21].

2.2.4. 2D exchange NMR and spin alignment echo NMR

But for ionic motions on the ultra-slow time scale, i.e., in the hertz
and sub-hertz range, line shapes and relaxation rates are hardly ac-
cessible. But two-dimensional exchange (2D EXSY) NMR and spin
alignment echo (SAE) NMR could make a difference for these slow
motions in atomic scale. In 2D EXSY NMR spectra, the presence of cross
peak indicates the two sites have a correlation, i.e. exchange of ions
occurs between magnetically nonequivalent crystallographic sites and
gives a direct evidence for Li™ migration pathways. Furthermore, the
jump rates could be acquired from °Li MAS 2D EXSY NMR spectra. But
2D EXSY NMR has to be performed with NMR peaks of different sites
are well separated from each other. Spin Alignment Echo (SAE) NMR
could work even when the different sites overlapped in the NMR
spectra, and costs less time compared with 2D EXSY NMR [24].

3. Application of NMR in characterization of solid electrolytes
3.1. LISICON

Bruce et al. reported a novel lithium ion conductor—Li;4ZnGe4O4¢
[26], which has the same structure of y-Li3PO4, and named this ma-
terial as LISICON (Lithium Super Ionic Conductor). The Li4SiO4-LisPO,4
solid solution is a typical LISICON-type ionic conductor. Different Si/P
ratios samples were investigated by solid state NMR. °Li MAS NMR
spectra revealed four environments of Li*™ (LiO, with n = 3, 4, 5, and
6). Dynamically, VT (varying temperatures) “Li relaxometry indicated
that the minimum activation energy is achieved by the intermediate
composition. That is in line with the best conductivity obtained from
the composition of Li3 5Sip sPo 504 by AC impedance [27]. However, its
ionic conductivity is still far from the requirement of commercial LIBs.

LiBO, were added as an additive when synthesizing the
0.6Li,4Si04-0.4Li3PO, samples, which resulted in the conductivity en-
hancement in this LISICON system [28]. Wang et al. [29] performed 'B
MAS NMR on probing the role of boron in the increase of the ionic
conductivity. Obviously, two distinct positions of resonances at 20 ppm
and 2 ppm were observed. The signal of 20 ppm exhibited a typical
second-order quadrupolar characteristic, which indicated that the
boron located in an asymmetrical environment at grain boundaries. The
peak centered at 2 ppm without the second-order quadrupolar line
shape was assigned to the tetrahedral site of boron, which inserted into
the structure framework and replaced Si or P sites to form the structure
like BO4. According to the area of these two peaks, the authors con-
cluded that most of boron located at grain boundaries and acted as a
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sintering assistant for increasing the ionic conductivity. Moreover,
when probing the amorphous phase like the glassy-type BOs, which is
invisible for XRD patterns, solid state NMR technique is regarded as a
powerful technique that is not sensitive to the crystallinity of the ma-
terials.

3.2. Thio-LISICON

Based on LISICON materials, a series of novel lithium ion con-
ductors ‘Thio-LISICON’ were synthesized by replacing O* with S*~,
which provided a much higher ionic conductivity due to a larger ionic
radius and more polarizable character of S2~ [30]. This replacement
weakens the bond strength between Li* and anions within the frame-
work and improves the mobility of Li*. In 2011, Li;oGeP1S;5 (LGPS for
short) with excellent conductivity was reported for the first time [31].
The conductivity of 1.2 x 10~ 2Scm ™! that is even better than some
non-aqueous electrolytes [1].

Kuhn [7] carried out PFG-NMR and EIS techniques to probe the Li ™
dynamics in the electrolytes experimentally at the macroscopic time
scale. The self-diffusion coefficients D based on different temperatures
can be obtained. And then, the activation energy was calculated by the
slope of the Arrhenius plot of temperature dependent self-diffusion
coefficients. In this literature, only one activation energy of 0.23 eV was
obtained, which was different from MD (molecular dynamics) simula-
tion results [32,33] revealing that the migration pathway of Li* along
an anisotropic 3D network consists of a one-dimensional path parallel
to c-axis and an in-plane 2D pathways (ab plane) with the activation
energy of 0.17 eV and 0.28 eV respectively. However electrochemical
impedance spectroscopy showed the very close result with the activa-
tion energy of 0.22(1) eV, in line with PFG NMR results. Consequently,
the authors claimed that no sign of anisotropy transport pathways was
observed by PFG NMR and EIS.

Fig. 2a shows that a proposed Li-ion transport pathway of LGPS.
Liang et al.[8]investigated the dynamics of LGPS with ”Li spin-lock SLR
and “Li SAE NMR. The correlation time (zs55) was derived by fitting the
SAE NMR curve with the following equation [34,35].

¥
S, (tp = const., t,,) «x exp —(t—m )
Isae

ty, is the mixing time and vy is the exponential factor describing the
SAE decay curve. As shown in Fig. 2b, there existed a no monotonous
curve of logarithm of 1/zgag v.s. reciprocal of temperature. Thus, the
activation energy of 0.16 eV and 0.26 eV could be deduced from the
slopes of Arrhenius curve in different temperature regimes. In addition,
“Li SLR NMR spectra in the rotating frame (T;,) were performed to get
more precise dynamic information. In the previous reports, the
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relationship between SLR rates and spin-lock frequencies on the high-
temperature side of SLR peak was used to investigate the dimension-
ality of ionic diffusion process [36-38]. Then, through the plot of “Li
SLR rates v.s. reciprocal of temperature at different spin-lock fre-
quencies, the authors observed the correlation of R;, and spin-lock
frequency on the high-temperature flank of low-temperature peak,
which indicated a 1D diffusion process of lithium ion in the low tem-
perature. These results above agreed with the MD simulation results
that proposed a 3D migration network of lithium ions, however, which
did not coincide with the previous measurements for PFG-NMR and EIS.
The cause of the difference is that PFG-NMR and EIS may bury some
detailed information and obtain an average activation energy by con-
sidering these two measurements are only sensitive to long range dif-
fusion. And it is worth noting that both of these two papers mentioned
the existence of impurities from 3!P MAS NMR spectra. The investiga-
tion of Liang et al. [8] revealed that the impurity could decrease the
conductivity of LGPS. But none of them put forward the specific com-
position of the impurities.

Based on different time and length scales, NMR techniques are able
to obtain different results despite the same LGPS materials. PFG-NMR,
in general, is performed to study the jump rates with time scales around
1072 —1s, corresponding to the long-range diffusion at the length
scale of 10~ ®m, including the 1D and 2D transport pathways in this
case of LGPS. While SAE NMR and NMR relaxometry are microscopic
NMR measurements with the length scale of 10~ 10, that is, atomic-
scale. And the time scales could vary a large range from ultra-slow Li
motion (sub-Hz) to fast Li motion (MHz). As a summary, Fig. 1 illus-
trates the common microscopic NMR techniques and their timescales.

3.3. NASICON-type material

NASICON-type materials are another kind of the most promising
ionic conductors, which consist of corner-sharing PO, tetrahedra and
MOg octahedra (e.g. Fig. 3a). When sodium ion is replaced by lithium
ion in the classical NASICON structure, this kind of conductors will
become lithium ion conductors [39]. As a typical NASICON material,
LiTi»(PO4)5(LTP) is limited by its low ionic conductivity. Much efforts
toward tuning ionic conductivity have been carried out by the methods
of aliovalent ions doping. For example, Aono et al. [40] reported that an
enhancement of the ionic conductivity of LTP by substitution of M>*
for Ti*t M+ = AI®H, Sc®*, Fe®*, Y3T). When M is Al or Sc, the
maximum conductivity value of 7 X 10~ %S cm™ 'can be realized at
room temperature. The enhancement of conductivity was ascribed to
the increasing density of the pellets. However, Wong et al. [41] iden-
tified that there existed the second phase of AIPO4 which improved the
sintering properties. Furthermore, Arbi et al. [42] found that the in-
sulating phase like AIPO, could block the transport pathways of Li*.

Fig. 2. (a) 3D network of Li ion transport path-
ways. (b) “Li jump rates of LGPS extracted by

T/IK SLi/’Li SAE, ’Li spin-lock SLR NMR, and line
e 7. W ,w 2@ width. Figures are adapted from ref. [8].
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Fig. 3. (a) crystal structure of NASICON-type li-
thium ion conductors [47]. (b) *'P MAS NMR
spectra with its deconvolution results for
Li; 4 «Tis — xAl(PO4)3 samples with x = 0.7.
The label of 0, 1, 2, 3, 4 denote the environments
of P(OTi)y, P(OTi)3(0AD);, P(OTi)>(OAlD),, P
(OTi)1(0OAD3, and P(OAl), respectively [42]. (c)
27A1 MAS NMR spectra of LATP [4].
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Hence, in order to understand the role of aluminum in LATP, the
structure should be discussed in details.

3.3.1. Structural investigation on LATP

In Al-substituted LTP material, two components were reported in
27A1 MAS NMR spectra in several works [4,42-44](Fig. 3c). The main
signal centered at — 15 ppm belongs to the Al/Ti substitution, which
increases the Li* contents by charge compensation. The additional Li™*
occupies the Li3 sites due to the Li-Li repulsion and increase the va-
cancy of Lil sites. Therefore, the conductivity of LATP is enhanced.
Another peak centered at 40 ppm was assigned to either the formation
of the second phase AlO4 [45] or the Al/P substitution [46]. Though
this assignment is still under discussion. As for >'P MAS NMR, a single
line of LTP centered at 27 ppm was observed. On substitution of Al, the
single line becomes asymmetric broadening [43]. Arbi et al. [42] de-
veloped a model to explain the cause of broad signal. Structurally, PO,
tetrahedron shares oxygen with four TiOg octahedra, which led to the
formation of different environment for P labeled as P(OTi),, P
(OTi)3(0Al);, P(OTi)2(0Al),, P(OTi);(OAl)s, and P(OAl), by Al/Ti
substitution (see Fig. 3a).

Based on the model of *'P environments developed by Arbi [42],
quantitative analysis of LATP has been performed by *'P MAS NMR.
With different 3'P environments for 4Al, 3AI1Ti, 2A12Ti, 1AI3Ti, 4Ti,
the Al content was further deduced by the following equation, Where I,
(n=0,1, 2, 3, 4) represents the intensity of NMR signals associated
with (4-n) Ti(n)Al environments.

APt 4L +3L+2L+L _ x
Ti**  L+2L+3L+4, 2-—x

Compared with nominal content deduced from chemical formula,
the deviation was found when x > 0.2, indicating another second
phase formed. Combined with XRD patterns, this deviation was as-
cribed to the formation of the second phase AIPO, and Li4P,0, which
are located outside NASICON structure. At the same time, when
x > 0.2, the impedance results indicated that the ionic conductivity
decreased. Thus, the results concluded that the formation of the second
phase may decrease the content of lithium ions in NASICON, and block
the ionic transport channel.

In order to minimize the negative effect of the second phase, dif-
ferent synthetic methods were applied to suppress [48] or remove [45]
the second phase AIPO, in LATP, which increase the grain boundary
conductivity, leave the bulk conductivity unchanged. Thus, we can

22
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infer that AIPO4 phase exists in the grain boundary. Recently, Emery
[49] et al. utilized a modified Pechini process to get
Liy 3Alg 5Ti; ,(PO4)3 powders without AIPO,4, which is validated by 2”Al
MAS NMR spectra. Inspired by IR data [50,51]collected from LATP and
combined with the large asymmetry parameter 7, extracted from 2’Al
NMR quadrupolar spectra, they concluded that Al doping could give
rise to distortion in the P—O and Al—O bond [49]. In this case, the six
components of 3'P MAS NMR were assigned to three pairs of lines for 0
Al, 1 Al, or 2Al in the neighborhood of P and the pairs of lines was
ascribed to the long and short P—O bonds derived from the distortion of
M(PO,)5 skeleton. And the authors proposed that the distortions might
contribute to the enhancement of conductivity. Nevertheless, there is
no other evidence to support this assumption yet as far as we know.

3.3.2. Ion dynamic process in LATP

Chandran et al. [44] systematically investigated Li* dynamic pro-
cess in Li; 4 zALTiy _ ((PO4); (LATP, 0.0 < x < 1.0). When
0.35 < x < 0.5, fast migration of Li* was responsible for the overlap
of 7Li MAS NMR at room temperature. For the sample with x = 0.0, the
line widths begin narrowing at around 220 K, while the sample with
x = 0.35 reaches the extreme line widths limit. This phenomenon in-
dicated a very fast motion of Li* within the latter material framework
and Al doping did improve the conductivity.

NMR relaxometry is a useful method to determine diffusion para-
meters of lithium-ion conductors. Table 2 shows the E, 1, Eq nign and
Trnax for Liy 4  AlTip _ «(PO4)s. The minimum of E,; pign and Tinqy is
observed when 0.35 < x < 0.5. This agrees with the reported value
of x for the best conductivity in LATP [53,54]. The difference between
Eq high and Eg 10, is ascribed to the correlation effects that decrease the E,
1ow- For x = 0.1, two SLR rate peaks were observed, and for x = 0.2, the
low temperature regime becomes broader (see black line in Fig. 4a). On
the basis of analysis of Fig. 4a, the authors draw a conclusion that there

Table 2
Activation energy calculated from the two flanks of diffusion induced by ’Li SLR rate
maximum and the T,q, at which the maximum relaxation rate was reached [44].

x 0.00  0.10 020 035 050 070  1.00
Eamgn/eV  0.41 0.37 030 029 029

Eq tow/€V 0.41 0.29 0.40  0.33
Tonax/K 380 280,245 245 213 213 423 413
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Fig. 4. "Li spin-lattice relaxation rates in rotating
frame for LATP samples with (a) x = 0.0, 0.10,

b 8)
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T

Liy sAly 5Tiy 5(POy4)y

0.20, 0.35, and 0.5 in ref. [44]; (b) R; and Ry,
rates v.S. inverse temperature of
Liy 5Alg 5Ti; 5(PO4)3 in ref. [55].
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may exist two diffusion processes, which was similar to that reported by
Wilkening [55]. They found that there were two distinct peaks rendered
by two dashed lines shown in Fig. 4b, representing two diffusion pro-
cesses marked as A and B. The activation energy derived from high-
temperature flank of peak A was fitted as 0.17 eV, and peak B was
0.16 eV. The difference of the activation energy coming from the two
works might be ascribed to the structural differences in LATP prepared,
which would result in different migration model, the vacancy migration
model and the interstitial migration model respectively [56].

SLi 2D EXSY NMR spectra were also performed on the LATP with
x = 0.7 [44]. Two broad signals around 0 ppm which were assigned to
the second phase showed a cross peak, and the exchange rate is 45~ *,
which represented an ultraslow exchange between these two Li* sites.
Thus, the authors concluded that the formation of the second phase at
the expense of LATP phase might restrain the transport of ions and
influence ionic conductivity. This result is in line with the Arbi's results
[40]. Besides, Emery et al. [49] measured NMR relaxation times—T,
(°Li), T, ("Li), T1q ("Li), T2 ("Li) and Ty, ("Li) in LATP, which indicated
an anisotropy migration pathway of Li* within LATP framework. The
T, and T, relaxation of 3!P and ?”Al revealed no movement of these two
nuclei [52].

In a short summary, NMR methods provide a solid evidence of the
formation of the second phase and different Al coordination environ-
ment [57]. The information extracted from NMR measurements, as a
complementary with EIS, can quantitatively analyze the microscopic
behavior of Li ions such as the jump rates.

3.4. Garnet-type materials

Since its discovery, garnet-type materials exhibit promising elec-
trochemical properties, especially relatively high ionic conductivity.
The chemical formula of the traditional garnet-type ionic conductors is
X,A3B201,, where X denotes Li . By aliovalent ions doping, the content
of n could vary from 3 to 7. According to the lithium contents, garnet
type materials could be sorted into three groups, including
LisLn3Te;0:5(Ln = Y, Pr, Nd) (Li3 group), LisLazgM»015(M = Nb, Ta,
Sb, Bi) (Li5 group) and Li;La3C5012(C = Zr, Sn, Hf) (Li7 group). Kuhn
et al. summarized several dynamic behaviors of Li ions several years
ago [21]. In the following section, we give a short overview of the
newest investigation on the transport properties of lithium ions in
garnet-type ionic conductors.

3.4.1. Li3 group

LisLnsTe;0q,, due to its low lithium ion content, possesses poor
conductivity. In the aspect of structure, all the Li* occupy tetrahedron
sites, in which the mobility is limited by the high activation energy.
Only a single resonance around 10 ppm was observed in °Li MAS NMR,
which belonged to the ordered arrangement of tetrahedron sites [57].

23

Another resonance which is assigned to distorted octahedra site appears
in 25 ppm with Te and Sb doping, accompanied by conductivity en-
hancement. The similar new resonance peak was observed by Cussen
[58]. The validation of the distorted octahedral Li* site had a positive
impact on conductivity were also supported by neutron diffraction(ND)
[59] and density function simulation results [60].

3.4.2. Li5 group

LisLasNb,O1, as the first reported garnet-type ionic conductor [61],
was investigated by °Li NMR in details [62]. From °Li MAS NMR
spectra, the intensity of signal centered at 0.7 ppm (representing Li in
octahedral sites) was so strong that another signal centered at
— 0.2 ppm (representing Li in tetrahedral sites) was partly buried. For a
better understanding the dynamics of tetrahedral sites, considering the
Li MAS NMR spectra have a better resolution, but lower sensitivity
than that of “Li spectra, temperature dependent “Li-°Li CPMAS NMR
was performed to enhance the sensitivity of °Li. With CPMAS, magne-
tization can be transferred from the more abundant ’Li to the less
abundant °Li. So, the °Li MAS NMR spectra can be collected at a higher
magnetization level. The efficiency of cross polarization decreases with
lithium ions movement, which results in the heteronuclear dipolar
averaged. Therefore, the signal of octahedral sites with high mobility
was suppressed. As shown in Fig. 5, the upfield signal of tetrahedron
sites become more distinctive with CPMAS techniques. When varying
temperature, Fig. 5b showed an almost unchanged line width of the
upfield signal, suggesting that the low mobility of these sites. Further-
more, in “Li-’Li CPMAS 2D EXSY NMR spectra, there only existed di-
agonal peaks of LiOg and LiO4 with mixing time of 1 s. The absence of
cross peaks indicated that there was no jump between the two lithium
sites within one second.

3.4.3. Li7 group

Li;La3Zr,015 (LLZO) with cubic symmetry was firstly reported by
Murugan [63] in 2007, which has the highest ionic conductivity con-
ductor in garnet series. Fig. 6 illustrates the transport path of Li* and
the structure of the LLZO. However, as different from that the tetra-
hedral sites (24d) are not involved in the lithium ion transport pathway
in Li3 and Li5 group materials. Neutron Powder Diffraction (NPD) [64]
and first-principle calculations [60] indicated that lithium ions can
jump from one tetrahedral site to the neighboring octahedral site in Li7
group materials. In order to confirm such a lithium ion transport
pathway, 2D EXSY NMR [5] and SAE NMR [65] were performed.

As shown in Fig. 7a, Wang et al. [5] performed °Li MAS NMR (top
curve) on Li; _ o4 _ gyAljLagZr, — \W,O (x = 0.5), where only two
resonances (1.9 ppm and 0.8 ppm) was observed for identifying three
crystallographic Li sites (24d, 48 g, and 96 h). The authors utilized a
new pulse sequence by differentiating T; to suppress the strong signal
centered at 1.9 ppm. After this processing, there appears a new signal
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Fig. 5. (a) °Li MAS NMR spectra, (b) ’Li-°Li

CPMAS NMR spectra with the signal of octahe-

dral sites suppressed, and (c) “Li-°Li CPMAS 2D
EXSY spectra with mixing time of 1s acquired

‘ from the sample of LisLagNb,O;,. Figures are
adapted from ref. [62].
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around 1.5 ppm (see bottom curve of Fig. 7a), that may be covered by
the strong signal at 1.9 ppm with the measurement of the single pulse.
Therefore, three NMR signals can be distinguished. And thereafter,
SLi-°Li EXSY NMR was performed after suppressing the signal of octa-
hedral to confirm the assignment of Li sites where the presence of cross
peak demonstrates that there existed a correlation between the peaks of
1.5 ppm and 0.8 ppm. Considering the transportation of Li* was along
the 24d-96 h-48 g-96 h-24d pathway and 24d sites were responsible for
0.8 ppm, the peak of 1.5 ppm was ascribed to 96 h sites, and the
1.9 ppm to 48 g sites. It provides a direct evidence that supports 24d
sites were involved in lithium ions migration and reasonably connect
NMR peaks with crystallographic sites. Such idea of differentiating
weak peak in an overlapping peak by suppressing strong signals was
also reported by Wullen [62]. In short, both of these two works utilize
the difference of dynamical characteristic to differentiate different Li
+ sites from NMR spectra. Similarly, SAE NMR can also be used to
investigate the jump path between different electrically inequivalent
sites. e.g. Wilkening et al. [65] performed multiple NMR measurements
to study Li ions dynamics in Lig sLasZr; 7,5M0g 25012. Among them, the
SAE NMR curve showed two-steps damping behavior, indicated that
both of 96 h and 24d sites were involved in lithium ion transport path.

In fact, the cubic phase LLZO is not so stable as tetragonal phase
whose conductivity is lower about 2 orders magnitudes. There are some

F2 3

2 1 0 1.2 3

works reported that Al and Ga can stabilize the cubic phase of LLZO
[66,67]. However, the mechanisms of stable the cubic phase and the
effect of doping element on ionic conductivity need more detailed
study. The AC impedance showed that the ionic conductivity of
Lig 75LasZr; 75Tag 25012 is higher than Ga- and Al-doped LLZTO [68].
Besides, the results [69]from measurements of “Li NMR relaxometry,
line shape and impedance spectroscopy showed improved conductivity
in Ga-doped LLZO compared to Al-doped one. In general, the in-
troduction of Ga and Al may have a negative effect on the transport of
lithium ions from a structural perspective at different degrees, respec-
tively.

Multinuclear MAS NMR experiments were performed in order to
give a reasonable explanation to the changes of ionic conductivity with
Ga, Al doping. 2’Al MAS NMR [70,71]and 7*Ga MAS NMR showed that
Li sites occupied by Ga and Al, which may act as a blocking barrier in
the transport path of lithium ions. As for Ga-doped and Al-doped LLZO,
Allen's results [68] indicated that there may be a different site pre-
ference of Ga and Al. 7Ga MAS NMR spectrum showed a single line
[72] while *?Al MAS NMR with two or three lines [70,71]. Re-
ttenwander [73] ascribed these two lines to the 24d and 96 h sites
which occupied by AI®*. The occupancy of 24d sites by AI* ™ is also
confirmed by Xu [71] and Charles [70], using *’Al MAS NMR and
MQMAS NMR respectively. Considering the Li* transport pathway

Fig. 6. (a) Li sites in the garnet-type structure. (b)
transport path of Li* and crystal structure of
cubic LLZO. Blue dodecahedra denote the LaOsg,
and green octahedron denotes the ZrOg. Purple,
red, and yellow spheres correspond to lithium
ions located at 24d, 48 g, 96 h sites respectively.
Figures are adapted from ref. [47,66]. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 7.(@ °Li MAS NMR spectra for
Li; _ ox - syAljLasZr, ~ \W,0 (x =0.5) with
single pulse (black line) and suppressing the oc-

g+96h sites)

96h sites)

tahedral sites signal (red line), and the blue line
represents the 1D °Li-°Li EXSY spectra; (b) 2D
SLi-°Li EXSY spectra. Figures are adapted from
ref. [5].
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Fig. 8. 7'Ga MAS NMR spectra in Lis §Gag 40Al.00LasZr,01, measured at 9.4 T (left) and
21.1 T (right). The figure is adapted from ref. [76]

within LLZO framework, 24d was thought to be a junction site (see
Fig. 6b). Thus, the presence of AI®* at 24d sites might block the
transport pathway of Li* and decrease the conductivity. As for the
single line in 71Ga MAS NMR spectrum, Howard [72] assigned the
signal around 221 ppm to the 24d site. However, Rettenwander et al.
[74] simulated ”*Ga MAS NMR and gained an asymmetry parameter 7,
of 0.46. In view of the low symmetry of 96 h site in LLZO, the authors
proposed that Ga only occupied the 96 h site. Consider the Al-doped
LLZO with AI** may occupy the junction site (24d) as a blockade of
lithium ion transport-path, Rettenwander [73] thought it may re-
sponsible for the lower ionic conductivity of Al-LLZO. However, re-
cently, high resolution 7?Ga MAS NMR spectra were performed by ul-
trahigh magnetic fields (21.1 T) [75]. Because the second order
quadrupole interaction decreased when meeting high magnetic fields, it
could get a better resolved spectrum, so that two components could be
identified separately of 243 ppm assigned to 96 h and 193 ppm as-
signed to 24d (see Fig. 8). It should be pointed out that the high
magnetic fields could make an advantage on increasing the resolution
when studying these quadrupole nuclei with strong second-order
quadrupole interaction. However, the achievement is at the expense of
losing the information from quadrupole shape [76].

As for site preferences, Al and Ga behave as the same tendency seen
from NMR spectra [75]. Moreover, authors tend to connect the con-
ductivity enhancement with the increase of lattice size, because Ga®*
has a larger ionic radius than AI®*. However, to the best of our
knowledge, the introduction of Ga could decrease the interfacial re-
sistance [77], which may be part of the reasons for the enhancement of
total conductivity.

25

100 0.50 ppm

4. Summary and outlook

The development of safer solid-state lithium batteries requires a
deep understanding of the structure of the materials and the dynamic
transport processes of lithium ion, which plays a guiding role in the
design and fabrication of an ideal lithium ion conductor. Solid state
nuclear magnetic resonance spectroscopy can not only detect the local
structure efficiently, but also directly study the ion dynamics from the
microscopic (or atomic) perspective.

LGPS is a typical LISICON-type material which possesses the highest
ionic conductivity over all the lithium ion conductors at present. The
theoretical calculation revealed the presence of two different migration
pathways of lithium ions. However, the commonly used electro-
chemical characterization methods such as EIS can only measure ap-
parent ionic conductivity and electrochemical diffusion coefficients of
Li ions. Herein, the NMR results not only confirm there exists two mi-
gration pathways experimentally, as well as the dynamic information at
localized Li sites.

LATP is the material with the highest lithium ion conductivity in
NASICON-type lithium ion conductors. The formation of the second
phase (either amorphous or crystalline phase) was analyzed by the
combination of NMR and XRD patterns. The evolution of ion jump rates
was revealed by SLR NMR, from which the two migration pathways
were observed.

In garnet-type lithium ion conductors, three crystallographic sites
for lithium ions were found in LLZO, i.e. 24d, 48 g and 96 h. The
number of lithium ions occupying at 96 h/48 g sites played a key role in
improving the ionic conductivity. SAE NMR and 2D EXSY NMR results
revealed that the 24d sites are involved in the transport of lithium ions,
as a junction site. Besides, in Al- and Ga-doped LLZO, MAS NMR results
indicated that the lithium sites can be occupied by doping elements,
which explained why the ionic conductivity of doped LLZTO was lower
than pure LLZTO [68].

As mentioned above, for all solid-state lithium ion batteries, the
ionic conductivity is not the only limiting factor. The interface between
solid state electrolytes and electrodes must be considered due to high
resistances and impressible properties at this solid/solid interface. In
this regard, NMR techniques have been starting introduced in this im-
portant topic. E.g. Yu et al. [78] took advantage of different chemical
shifts of lithium ions between LigPSsCl and Li,S, to quantified the Li ion
transport over the LigPSsCl-Li,S interface through performing exchange
NMR methods. However, it is noteworthy that current applications of
NMR techniques in solid electrolytes are carried out mostly on the basis
of ex-situ measurements without the presence of external electric field
and the species concentration difference. In the practical system of all
solid-state batteries, the real diffusion patterns of lithium ions need to
be characterized and understood by in situ NMR methods. Therefore,
how to develop an efficient model to simulate the transport of lithium
ions in the practical system, and certainly to develop real-time or op-
erando-NMR experimental set-up for working solid-state batteries is the
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premise on the way to understand the phenomena in “closed” battery
system. In addition, new NMR techniques such as NMR imaging tech-
niques with good resolution could provide more useful information for
the analysis of decay of the solid electrolytes or even breakdown of the
batteries.
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