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1. Introduction

Since ion diffusion in batteries and fuel cells is the 
basic principle by which these devices function, it 
is necessary to understand the diffusion mechanism 
in order to develop novel electrode and electrolyte 
materials. Currently, it is important to be able to 
detect Li+ diffusion in such materials, because Li-ion 
batteries (LIB) are seen as key components of hybrid 
vehicles (HV), electronic vehicles (EV) and fuel 
cell vehicles (FCV). In addition to electrochemical 
measurements that can provide the chemical diffusion 
coefficient (Dchem), there are three main techniques 
used to determine the self-diffusion coefficient (D) 
of Li+ in solids: nuclear magnetic resonance (NMR), 
positive muon-spin relaxation (µ+SR) and quasi-elastic 
neutron scattering (QENS). NMR is the most common 
technique used to measure both DLi and DH.(1) However, 
quantitative analysis by NMR is challenging in the 
case of materials containing magnetic ions, due to the 
effect of electron spins on the spin-lattice relaxation 
rate. In addition, the deconvolution of the multiple 
components of diffusive motions is difficult because 
NMR detects only the average values of diffusion 

motions. In such cases, we have demonstrated that it 
is possible to analyze the diffusive behavior of Li ions 
by µ+SR measurements.(2-4) Although it is possible to 
measure the Li diffusive behavior using this technique, 
even in magnetic materials, the upper limit of D 
values that may be assessed is approximately 10−8 to 
10−9 cm2/s. Thus, this method is not able to detect fast 
ionic motions. Herein, we propose that quasi-elastic 
neutron scattering (QENS) is a powerful technique for 
the detection of fast ionic motions in ionic-conducting 
materials. Since QENS is insensitive to motion 
below 1-10 eV (approximately 108 to 109 Hz), it is 
a complementary technique to µ+SR. The intensity 
of the QENS signal is proportional to the incoherent 
scattering cross section (σinc) of the target atom, thus 
the QENS signal from hydrogen is strong and easily 
detectable because the σinc of hydrogen is 80 barn 
(= 80 × 10−24 cm2),(5) representing the largest value 
of any element. For this reason, many QENS studies 
of hydrogenated materials have been reported. In 
contrast, the σinc of Li is 0.92 barn, which is two orders 
of magnitude smaller than that of H. For this reason, 
it takes a long time to obtain a meaningful QENS 
signal from Li using older-generation neutron sources. 
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was remarkably effective in terms of improving the 
neutron scattering measurements, especially when 
working at longer wavelengths.

2. 2  QENS Experiments

Two different spectrometers were used for QENS 
analyses of LMO: a disk chopper spectrometer 
(DCS)(15) and a high flux backscattering spectrometer 
(HFBS),(16) both located at NIST Center for Neutron 
Research (NCNR) in the United States. For DCS 
measurements, we employed a neutron wavelength 
of 6.5 Å, while a wavelength of 6.27 Å was used for 
HFBS studies. The energy resolutions during DCS and 
HFBS analyses were approximately 50 and 1 µeV. The 
temperature, T, range over which measurements were 
performed was 5-550 K in the case of the DCS and 
80-500 K for the HFBS. The powder samples were 
held in a cylindrical vanadium container filled with 
He gas for DCS measurements and in a double walled 
cylindrical aluminum container filled with air for 
HFBS measurements. QENS spectra of LLZO were 
obtained on the backscattering BASIS spectrometer(17) 
situated at Spallation Neutron Source (SNS) at Oak 
Ridge National Laboratory, over the T range of 150 
to 600 K. The µ+SR and QENS signal intensities 
are proportional to the volume fraction of the target 
material. Since the particle size of the polycrystalline 
samples was approximately 10 µm, almost the entire 
QENS signal originated from the sample bulk rather 
than the grain boundary or the surface. The neutron 
data were packed, analyzed and visualized using the 
DAVE software package.(18)

2. 3  QENS Analysis

The measured neutron scattering intensity, I(Q, ω), 
represents a convolution of the incoherent scattering 
function Sinc(Q, ω) and the resolution function, 
R(Q, ω), as follows:

I(Q, ω) = ∫–∞

∞ Sinc(Q, ω) R (Q, ω – ω' ) dω' , (1)

where Q and ω are the momentum and the energy 
transfer, respectively. Because the QENS signal is 
usually observed together with the elastic neutron 
scattering signal that defines the instrumental 
resolution, the spectra are fitted by a combination of 
a delta function, δ(ω), derived from the instrumental 

Recently, however, accelerator-based spallation 
neutron sources have become operational both in 
Japan and in the United States, at J-PARC(6) and SNS.(7) 
Furthermore, an even more powerful neutron facility, 
the European Spallation Source (ESS), is being built 
in Lund, Sweden, close to the synchrotron radiation 
facility MAX-lab, with anticipated completion in 
2020.(8) Since such facilities provide very intense 
neutron beams, we expect that QENS studies of various 
elements, including Li, will become more common. We 
ourselves have performed QENS analyses of positive 
electrode materials and solid electrolytes intended for 
Li-ion batteries to show that the QENS technique is 
effective at detecting Li+ diffusive behavior.

2. Experimental

2. 1  Sample Preparation

Powdered samples of 7LiMn2O4 and 7Li1.1Mn1.9O4 
(LMO) were prepared from LiOH·H2O and MnOOH 
by a two-step solid state reaction. As previously 
reported,(9-11) well-crystallized LiMn2O4 compounds 
are available by this technique. Mixtures were 
subsequently made using various molar ratios of 
7LiOH·H2O (99.9% purity, Cambridge Isotope 
Laboratories, Inc., U.K.) to MnOOH (99.9% purity, 
Tosoh Co., Japan), and these were ground and pressed 
into pellets. These pellets were subsequently heated 
at 1000°C for 12 hours in air, crushed into powder, 
and repressed into pellets. The pellets were then 
oxidized for 24 hours in air, applying a temperature 
of 700°C for LiMn2O4 and 600°C for Li1.1Mn1.9O4. 
Powder X-ray diffraction (XRD) measurements 
showed that the two samples were composed of 
single phases with a cubic structure having a space 
group of Fd 3̄m. The magnetic susceptibility results 
obtained for these materials were identical to those 
obtained in our previous work.(9,12) In the case 
of Li5+xLa3ZrxNb2−xO12 (LLZO, x = 0-2), which is 
employed as a solid electrolyte, powder samples in 
which x = 0, 1.75 and 2.0 were prepared by a solid-state 
reaction technique described in the literature.(13,14) All 
samples were confirmed to have a single cubic phase 
with a space group of Ia3̄d by XRD measurements. 
To reduce the substantial absorption of neutrons 
by 6Li nuclei, present at a concentration of 10% in 
natural lithium, a 7Li-enriched source was used for the 
preparation of both LMO and LLZO. This treatment 
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resolution, and a Lorentzian function, as in following 
equation:

Sinc(Q0, ω' ) = A(Q0,)δ (ω' ) + ΓQ0
2
  + ℏ2 (ω'  – ω0)2

ΓQ0 

π
1  ,

 
(2)

in which A(Q0 ) is the intensity of the δ function, ΓQ0 

is the width of the Lorentzian and ℏ is the Planck’s 
constant.

The normalized mean-square displacement (MSD) 
δ ⟨u2⟩ = ⟨u2⟩(T ) − ⟨u2⟩(T → 0 K),(18) which is obtained 
from the elastic neutron scattering intensity as follows:

δ⟨u2⟩ = ∫–∞

∞ FSinc(Q, ω = 0) u2du, (3)

where F and u are the spatial Fourier transform 
operator and the displacement, respectively.

3. Results

3. 1  LiMn2O4

Figure 1(a) shows the T dependence of the MSD 
values of 7LiMn2O4 and 7Li1.1Mn1.9O4. For both 
samples, δ ⟨u2⟩ increases as T increases from 90 K to 
approximately 360 K, although the slope, dδ ⟨u2⟩/dT, 
suddenly increases in the vicinity of 280 K. Above 
360 K, the δ ⟨u2⟩ of 7Li1.1Mn1.9O4 plateaus at a constant 
value up to 460 K, while the δ ⟨u2⟩ of 7LiMn2O4 
continues to slowly increase up to 460 K. The anomaly 
at approximately 280 K indicates that the lattice 
vibrations deviate from the Debye approximation 
above 280 K, the natural result of changes in the 
diffusion of Li and/or Mn ions with variations in 
σinc. In contrast, since the σinc of oxygen is negligibly 
small (0.0008 barn) compared with those of Mn 
(0.4 barn) and 7Li (0.78 barn),(19) neither the shift in the 
oxygen position nor changes in the oxygen deficiency 
contribute to the change in the slope at 280 K. This 
result indicates that Li ions begin to diffuse above 
280 K, because the spinel framework would not be 
stable at room temperature if the Mn ions were to 
diffuse above 280 K. Similar diffusive behavior has 
also been reported based on µ+SR measurements.(20) 
Figure 1(b) shows the energy spectra obtained for 
both 7LiMn2O4 and 7Li1.1Mn1.9O4 at 400 K, in which 
a QENS signal is clearly observed together with an 
elastic signal that defines the instrumental resolution.

Fig. 1 (a) T dependence of the mean-square displacement 
for LiMn2O4 and Li1.1Mn1.9O4. (b) The Q integrated 
energy spectra of LiMn2O4 and Li1.1Mn1.9O4 at 
400 K. The full width at half maximum (FWHM) 
values of the two samples are estimated to be 
12.0(0) and 7.7(1) µeV, respectively. To improve 
the statistics, the energy increments were rebinned 
from the original data. The spectra comprise data 
for the integrated intensities over the Q range 
between 0.25 and 1.75 Å−1. (c) A comparison of 
the diffusion coefficients obtained from the present 
neutron studies and from the previously reported 
NMR data in Ref. (22), on a logarithmic scale.
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Sinc
QE(T ) = [Sinc

E (300 K) – Sinc
E (T )]/Sinc

E (300 K). (4)

Above 300 K, Sinc
QE(T ) increases with T for each sample 

(Fig. 3). Note that the slope (dSinc
QE/dT ) for the x = 0 

sample is roughly the same to that for the x = 2 sample, 
while the slope for the x = 1.75 sample is the steepest.

Assuming that the Li diffusion process in LLZO is 
thermally activated, we can estimate the activation 
energy (Ea) from the ν(T ) and Sinc

QE(T ) curves. Figure 4 
shows the x dependence of Ea values estimated from 
µ+SR (Ea

µSR)(27) and QENS (Ea
QENS)(28) data, together with 

the values determined by AC impedance measurements 
(Ea

AC).(13) It is evident that Ea
µSR is comparable to Ea

QENS, 
as expected, although both values are almost one half of 
Ea

AC. A very similar discrepancy between the Ea values 
obtained by NMR and AC impedance measurements 
has been reported previously for several materials.(24) 
This suggests that the overall diffusion of Li+ is not 

The Lorentzian fit provides a full width at half 
maximum (FWHM; = ΓQ0) of approximately 
12.0(0) µeV for 7LiMn2O4 and approximately 7.7(1) µeV 
for 7Li1.1Mn1.9O4. It should also be noted that the FWHM 
values obtained from QENS in the magnetic diffuse 
scattering range were on the order of several µeV at 
low temperatures and were outside of the measurable 
range in the case of the HFBS. Therefore, there are no 
magnetic contributions to the estimated values of ΓQ0. 
From the equation ΓQ0 = Ds

LiQ2, we are able to obtain 
Ds

Li = 1.8(4)×10−8 cm2/s at 400 K for 7LiMn2O4, and 
1.1(8)×10−8 cm2/s at 400 K for 7Li1.1Mn1.9O4, assuming 
that Q0 is approximately equal to 1 Å−1. This is an 
average Q value for the spectrometer and is typical 
of the values reported for the ionic diffusion lengths 
in solids.(21) Surprisingly, the obtained Ds

Li is larger 
than the Ds

Li estimated for LiMn2O4 using Li-NMR 
data(1) by six orders of magnitude (Fig. 1(c)). It is well 
known that the spin-lattice relaxation rate of the NMR 
signal is strongly affected by magnetic ions, resulting 
in difficulty in correctly estimating Ds

Li,(2) and so there 
have been few reliable Ds

Li values reported for LiMn2O4. 
According to first principles calculations of the value 
of Ds

Li for LiTi2O4, Ds
Li should be in the vicinity of 

2 × 10−10 cm2/s at 300 K.(22) Furthermore, recent µ+SR 
measurements of LiCoO2 have demonstrated that the 
Ds

Li of Li0.73CoO2 is approximately 7 × 10−10 cm2/s 
at 300 K.(23) Therefore, the Ds

Li value obtained for 
LiMn2O4 by QENS is reasonable for a Li-ion battery 
electrode material.

3. 2  Solid Electrolyte

Interestingly, the ionic conductivity (σLi) of 
LLZO has been found to depend on x and to reach 
a maximum at x = 1.75 at ambient temperature, for 
reasons currently unknown.(13,14) There are two potential 
parameters that may determine σLi: the diffusion 
coefficient of Li+ (DLi) and the number density of 
mobile Li+ ions (nLi). While it is unfortunately difficult 
to measure nLi directly, there are three microscopic 
techniques by which the intrinsic DLi values of solids 
may be determined:(24-26) NMR, QENS and µ+SR.

Figure 2 shows the QENS spectra for the x = 0, 
1.75 and 2.0 samples. The incoherent elastic intensity 
(Sinc

E ) is seen to decrease with T and a quasi-elastic peak 
with a broad Lorentzian shape appears above 300 K, 
likely due to Li diffusion. The T-dependent incoherent 
quasi-elastic intensity (Sinc

QE) is calculated as follows:

Fig. 2 T dependence of S(Q, E) for the x = 0, 1.75 and 
2.0 samples. The FWHM of each QENS spectrum 
appear similar to one another, suggesting that the 
self-diffusion coefficient is almost the same at  
each x.
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In the case of LLZO, it was difficult to analyze the 
DLi due to the unfavorable statistics of the QENS data, 
although DLi was roughly estimated to be in the range 
of 10−7 to 10−9 cm2/s based on the FWHM determined 
from the QENS spectrum. The value of DLi has also 
been estimated using the muon-spin relaxation (µ+SR) 
technique,(27) which has been described in detail 
elsewhere.(25) The DLi for LLZO are shown in Fig. 5(a) 
together with the ionic conductivity (σLi). Interestingly, 
DLi is essentially independent of x, especially at x ≥ 1. 
According to the Nernst-Einstein equation (Eq. (5)), 
σLi is associated with both DLi and the density of mobile 
Li+ (nLi).

DLi = nLi F 2Z 2

σLiRT
 , (5)

where R is the gas constant, F is Faraday’s constant 
and Z is the ionic valence. Since LLZO is an electronic 
insulator over the entire range of x used in this study, 
we naturally assumed that only Li+ is responsible 
for charge transport in this material. Here, we may 
introduce a term giving the number of mobile Li+ ions 
per unit cell: CLi

eff {≡ nLi/[a3(5 + x)]}, where a is 
the LLZO lattice constant. Figure 5(b) shows CLi

eff as a 
function of x. The CLi

eff(x) curve has the same appearance 
as the σLi curve, since DLi is almost constant over this x 
range. The CLi

eff(x) values vary by a factor of about 7.5, 

determined by the intrinsic properties of LLZO but 
rather by other factors, such as grain boundaries, 
impurities and defects. As such, it should be possible 
to reduce Ea

AC by improving the sample preparation 
process.

Fig. 3 (a) The T dependence of Sinc
QE and 

(b) Sinc
QE as a function of 1/T.
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which is sufficiently large compared to the uncertainty 
in nLi. Consequently, it has been demonstrated that the 
value of σLi is primarily determined by the number of 
mobile Li+ ions rather than by the value of DLi. Even 
in the case of LLZO with x = 1.75, which exhibits 
the highest σLi value, the proportion of mobile Li+ out 
of all the Li in the lattice is only 15%. The origin of 
the mobile Li+ ions is still unknown, and it will be 
necessary to clarify the relationship between CLi

eff and 
x using other techniques, such as QENS and NMR, to 
resolve this question.

4. Conclution

We performed QENS measurements of Li-ion 
battery materials as a means of investigating their ionic 
conducting behavior. In the case of the LiMn2O4 spinel, 
we were able to assess the diffusion characteristics of 
Li+ above 280 K for both LiMn2O4 and Li1.1Mn1.9O4, 
and the self-diffusion coefficient was estimated to be 
approximately 10−8 cm2/s at 400 K for both compounds. 
For the Li-garnet compounds (LLZO), intended for 
use as solid electrolytes, the Li+ diffusion activation 
energy was almost independent of Li content. Based on 
a combined analysis with µ+SR, it was found that the 
ionic conductivity in LLZO is governed by the number 
of mobile Li+. The QENS signals for the Li compounds 
are not easy to detect because the incoherent cross 
section (σinc) of Li is two orders of magnitude lower 
than that of the hydrogen atom. However, the advent 
of high neutron flux facilities such as J-PARC, 
SNS and ESS has made it possible to obtain QENS 
measurements of lithium, and we have succeeded in 
detecting the diffusive behavior of Li+ using QENS. 
Therefore, QENS should be applied not only to the 
study of anode, cathode and solid electrolyte materials 
intended for Li-ion batteries, but also to the analysis of 
a wider variety of ion-conducting materials composed 
of other ions, such as Na+, K+ and I−.
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