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Magnetic Resonance in Metal-Ion Batteries:
From NMR (Nuclear Magnetic Resonance) to
EPR (Electron Paramagnetic Resonance)

Bing-Wen Hu’,Chao Li, Fu-Shan Geng, Ming Shen
(Shanghai Key Laboratory of Magnetic Resonance, State Key Laboratory of Precision Spectroscopy,
School of Physics and Electronic Science, East China Normal University, Shanghai 200241, P. R. China)

Abstract: Metal-ion batteries have changed our quotidian lives. The research on the electrode materials for metal-ion battery is
the key to improve the performance of the battery. Therefore, understanding the structure-performance relationship of the electrode
materials can help to improve the energy density and power density of the materials. Magnetic resonance, including nuclear magnet-
ic resonance (NMR) and electron paramagnetic resonance (EPR), has been continuously improved during the past three decades, and
has gradually become one of the important technologies to study the structure-performance relationship of electrode materials. This
paper summarizes the progress of magnetic resonance research from our group on several interesting electrode materials and
demonstrates the important role of NMR and EPR in the study of electrode materials. This article will help to grasp the important
value of magnetic resonance technology for battery research, which will promote the further development of advance magnetic reso-

nance technology.

Key words: solid-state NMR; EPR; batteries; cathode materials

1 Introduction

Metal-ion batteries, mainly lithium-ion batteries
(LIBs) and sodium-ion batteries (SIBs), have attract-
ed a considerable attention over the past few decades
because of their applications in portable electronic
devices, electric vehicles, and grid storage solutions,
which have a direct impact on our quotidian life™?,
The practical applications call for metal-ion batteries
of excellent performance, i.e., higher energy density,
lower cost, longer lifespan, and greater safety. To
achieve good performance, the development of new
electrode materials or optimization of available elec-
trode materials that can work at high cell voltage and
high specific capacity are the major important task in
the field'*".

To develop the good electrode materials, it is im-

portant to have a fundamental understanding struc-
ture-activity relationship, that is the working mecha-
nism and the controlling factors of the materials.
Therefore, different kinds of characterization tech-
niques (ex-situ, in-situ, operando) has been developed
to monitor the composition and structure evolution of
the electrode materials!.

Among various characterization techniques, mag-
netic resonance techniques, including nuclear mag-
netic resonance (NMR, including magnetic resonance
imaging (MRI)) and electron paramagnetic resonance
(EPR, including electron paramagnetic resonance
imaging (EPRI)) are unique tools to probe structural
information and phase information at atomic-level
and to measure ionic motion at various time-scales.

Solid-state NMR spectroscopy (ssNMR) can pro-
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vide a wealth of information on the materials in a
non-disruptive and non-invasive manner, and is suit-
able for characterizing common light elements in
electrode materials such as 9’Li, *Na, *'P, “F, 'H, “C,
etc., especially 7O, which provides a powerful tool for
studying atom environmental changes and valence pro
cesses!. For different types of observable atomic nu-
clei, suitable advance ssNMR methods (e.g., pjMAT-
PASS: projected magic-angle-turning phase-adjust
ed-sideband-separation, Hahn-echo, HMQC: heteron-
uclear multiple quantum coherence) can be deliber-
ately selected to analyze the evolution of the
short-range structure and electronic structure of bat-
tery materials. EPR, which is adept in studying metal
ions (e.g., V, Co, Ni, Mn, Fe) containing unpaired ele-

ctrons on the atomic orbital with high sensitivity, can
help to characterize the electronic state and coordina-
tion state, and then elucidate the redox evolution of
the metal center!. ssNMR and EPR are two comple-
mentary techniques.

MRI and EPRI can provide chemical environment
information at different spatial locations!"-'!, MRI
could be used to study the metal anodes and different
kinds of electrolytes targeting at the specific nuclei
(“'Li and *Na). However, the 2D (two-dimension) or
3D (three-dimension) MRI often has low spatial reso-
lution (~ mm) due to the use of low-power gradients.
To improve the spatial resolution, MRI is often per-
formed in the 1D mode, using high-power Z-axis gra-
dient. However, in the 1D mode, NMRI could detect
the growth of the Li- dendrite in side view, but could
not catch the Li growth in front view. To improve the
spatial resolution, EPRI could be employed to moni-
tor the metal anodes with the relatively high resolu-
tion of ca. 50 ~ 100 wm per pixel.

In this review, we focus on the topic of the elec-
trode materials studied by NMR and EPR in our
group. For solid polymer electrolytes, readers could
refer to another review of our group on this topic. In
the following part, the application of NMR will be
discussed first, followed by the application of EPR,
and finally, the combined use of NMR and EPR will
be discussed.

2 Typical NMR Studies
2.1 YO and ¥Co NMR Studies of LiCoO,
To the best of our knowledge, previous NMR stud-
ies of LiCoO, have focused on °Li, 'Li and *Co
species, no 7O NMR studies have reported to probe
the oxygen atoms in LiCoO,. Our group has success-
fully produced the "O-labeled LiCoO, and obtained
the O NMR spectra to investigate the structural evo-
lution of Li,C00, (0 < x < 1) during delithiation pro-

U7 Here x denotes the mole fraction

cesses (Figure 1)
of Li" in L1,C00,.

From 0.85 < x = 1.0, only one peak at -636 ppm
with the roughly the same intensity could be ob-
served. This peak belongs to O31 insulator phase with
low conductivity, which is a kind of O3H (O3 with
hexagonal structure) phase. From 0.75 < x <0.5, the
peak at -636 ppm decreased quickly, suggesting that
a large amount of paramagnetic Co* makes the O
signal unobservable. This phase belongs to O31I con-
ductor phase with high conductivity, which is also a
kind of O3H phase. Due to the same chemical shift,
03I and O3II should have the very similar crystal
structure. However due to the extraction of Li-ions,
the ¢ axis might be different, leading to different
XRD diffractions for O31 and O3II phases.

At x = 0.5, a new set of peaks at 900 ppm began to
appear. The results by fitting this set of peaks showed
two peaks with similar Cq (quadrupolar coupling con-
stant ). These two peaks could be assigned to the
monoclinic LiysCoO, phase, indicating the occur-
rence of a hexagonal-monoclinic phase transition
(O3H — O3M). Here, it should be pointed out that
LiysCo0, is proposed for this intermediate phase at x
= 0.5, while the previous 'Li NMR suggested an in-
termediate phase of Li;7sC00,. The phase at 0.15 < x
< 0.45 has been assigned to O3III phase, however,
this phase should have the very similar structure to
O3M phase at x = 0.5, as suggested by NMR results.
This set of two peaks disappeared at x = (.18, and then
a new peak at 1250 ppm was observed. The peak at
1250 ppm can be assigned to the H1-3 phase.

Accordingly, the ¥Co spectra have also been ac-
quired. The ®Co NMR spectra had only one peak that
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only existed when x = 0.5. It is suggested here that a
large amount of Co*" generated after x < 0.5, and then
the electrons would hop between two Co* ions with
tye €y configuration through t-t,, overlap, resulting
in electron delocalization, which makes the *Co
NMR signal unobservable.

The Cq value (~ 7 MHz) for the monoclinic phase
obtained the 7O NMR results is quite large, indicat-
ing that there is very strong covalent bonding be-
tween Co and O atoms. Therefore, when charging at
high-voltage, the Co-O bond is difficult to be distort-
ed due to the directionality of the strong covalent
bond, and the hexagonal-to-monoclinic phase transi-
tion takes place instead of local structural distortion.
Thus, the charge of LiCoO, higher than 4.2 V with x
< 0.5 will lead to the structural instability.

2.2 In-Situ NMR Study of LiCo0O,

In recent years, in-situ NMR technology for the re-

al-time analysis of the battery has been well devel-
oped. Most in-situ NMR studies were performed with
a plastic cell in the static mode without magic angle
spinning, and static NMR spectra show very broad
line-shapes, which is difficult to be analyzed. Recent-
ly, a novel jelly-roll cell design was proposed for
in-situ NMR and MAS (magic angle spinning) NMR
spectra could be acquired for high resolution of the
peaks™. However, when the NMR data acquisition
started, the wires had to be removed. During the de-
tachment time of the wires, the system state would
relax back to the equilibrium state. Subsequently, the
wires were reattached for the following charging or
discharging process.

Shimoda et al. conducted in-situ NMR studies on
the charge and discharge processes for Li||[LiCoO,
with plastic cell™. Our group also employed in-situ
Li NMR to study uncoated and Ba-Ti-coated (barium
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Figure 1. Ex-situ O MAS NMR spectra of Li,CoO, recorded at 14.1 T and 24 kHz MAS. The magnification factors are listed on
the left side of each spectrum. (Reproduced from Ref.!"? with permission from The Royal Society of Chemistry) (color on line)
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and titanium coated) LiCoO, samples with plastic
cell™. The pristine LiCoQ, is in the O31 phase with
insulator character. In-situ NMR results suggested
that the uncoated LiCoO, sample could not return to
the pristine state after being charged to a high voltage
of 4.5 V and then discharged to 3.0 V. The final state
of uncoated LiCoO, after charge/discharge process
had O3I-O3I1I coexisted, that is, the conductor phase
and the insulator phase coexisted. This result is iden-
tical to the result of Shimoda!"”.. The Ba-Ti-coated Li-
Co0, samples could return to the pristine O31 phase
through O3II-O31 phase transition upon the same
charge/discharge process, because this sample had
higher electrical conductivity due to the formation of
TiO, layer and BaTiO; particles on the surface after
the Ba-Ti coating. Therefore, it could be anticipated
that the Ba-Ti coating can greatly improve the elec-
trical conductivity and make the conductor-insulator

phase transition more reversible.

3 Typical EPR Studies
3.1 In-Situ EPR Study of NaCrQO,

NaCrO, is a candidate cathode material for sodi-
um-ion batteries due to its safety, low cost, and
high-power density. To increase the energy density, it
is important to extract more Na ions at higher volt-
age, however, this often leads to fast capacity decay
and irreversible structural transformation to CrO on
the surface.

In-situ EPR was carried out to monitor the evolu-
tion of NaCrO, cycled between 2.2 ~ 3.6 V and 2.2 ~
4.5 V2, The electrochemical process was reversible
for the cutoff voltages of 3.6 V (Figure 2(B)), where-
as the discharge capacities decreased fast as the cut-
off voltage rises to 4.5 V (Figure 2(D)). As shown in
Figure 2(A), the in-situ EPR spectra for the first two
cycles with an upper cutoff voltage of 3.6 V clearly
reveals the good reversibility during the charge/dis-
charge processes. It should be pointed out here that
the EPR intensity at g = 1.962 decreased and vanished
within 3 h (ca. 0.12 Na removed) when it starts charg-
ing (Figure 2(B)). The loss of the EPR signal, is pos-
sibly originated from the electronic de localization

within the [CrO,] layers due to the overlap between the

adjacent Cr t,, orbitals. An increase of the EPR inten-
sity after ca. 18 h was observed when fully discharged,
implying the relocalization of the electrons and the
Cr reduction to +3. The in-situ EPR spectra cycled
between 2.2 and 4.5 V are shown in Figure 2(C). It
could be observed that the signal at g = 1.962 was not
recovered in the discharge process after charging to
4.5 V. An unexpected new signal was observed with
g =1.977 at the beginning of the voltage plateau with
respect to the irreversible phase transition (Figure 2
(D).

EPR imaging (EPRI) was carried out on the in-situ
cell in order to determine its spatial distribution of
this unknown signal. It could be observed in Figure 3
that this signal was distributed in an area of 8§ x 4 mm
and a thickness of 1.5 mm, consistent with the size of
the separator used in the cell. Therefore, this un-
known species associated with the irreversible phase
transition should be located in the electrolyte, which
is then attributed to the Cr* ions dissolved with the
surface reconstruction. This is the first report on the
presence of soluble Cr’* species from Cr-based cath-
ode material. A disproportionation-dissolution mech-
anism is suggested here that the Cr disproportiona-
tion on the surface could take place as Cr** + Cr* <>
Cr* + Cr’ and then dissolution of Cr*" into the elec-
trolyte would lead to a densified rock-salt CrO as the
reaction proceeds to the right side.

3.2 EPR Study of Li;V,(PO,);

Ex-situ X-band EPR was employed to study lithia-
tion/delithiation process of monocline Li;V,(PO,);
calcinated from vanadium metal-organic framework
precursor MIL-101(V)™. All the EPR spectra were
collected at the temperature of 2 K, as shown in Fig-
ure 4. In the perpendicular mode, V¥ (t,/'e,’, S = 1/2)
is often observable while V¥*(t,’e.’, S = 1) is “EPR-
silent” with no observable signal because its zero-field
splitting in S = 1 ground state is usually larger than
the available microwave quantum. V> (e, S = 0)
has no EPR signal with 3d° configuration.

The pristine sample and the sample at 3.63 V
showed a narrow signal at g ~ 2.00 corresponding to

free electrons from the super-P conducting additives.
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Figure 2. In-situ EPR spectra of the NaCrO,/Na cell cycled at 10 mA - g between (A) 2.2 ~3.6 V and (C) 2.2 ~ 4.5 V. The inten-
sive Na signal in the range of 331 ~ 335 mT is truncated for clarity. (B, D) Corresponding voltage profiles (top) and EPR intensities
(bottom) as a function of time. EPR intensities are calculated using half of the peak-to-peak intensity. (Reproduced from Ref.!?

with permission from American Chemical Society) (color on line)

When the sample was charged to 3.72 V or discharged
to 3.56 V, a new peak could be observed at ~ 200 G,
which arised from a new spin state S = 3/2 due to the
ferromagnetic coupling between V** and V*. There-
fore, this peak at ~ 200 G suggests the existence of
V* at this voltage. This ferromagnetic coupling al-
so confirmed the existence of V*'/V* ordering for
Li,V(PO,); at the charging voltage of 3.72 V. Although
V¥/V* ordering had been suggested by NMR result
at ca. 3.72 VI#! the EPR result is
of V¥/V* ordering.

After charging to 4.12 V, the peak at ~ 200 G disap-
peared and a new peak at ~ 3426 G (g« = 1.96) could
be observed, suggesting that most of V* ions have
been transformed to V* ions, which cancelled the
ferromagnetic coupling and hence the peak at ~ 200
G vanished. Further charging to 4.60 V led to the re-

duction of V* signal, because V* was oxidized to V**

a stronger proof

which has no EPR signal. The EPR spectra of dis-
charge process show a typical reversible feature with
respect to the charge process, demonstrating the good
reversibility of this Li;V,(PO,); sample during the
charge/discharge processes. Using EPR technique,
the valence states of V-ion were explicitly revealed;
especially, the ferromagnetic coupling could be re-
vealed.

3.3 EPR Study of Coordination Polymer

Anode
Coordination polymers (CPs) or metal-organic fra-

meworks (MOFs) constructed by metal ion nodes and
bridging ligands, are emerging as a novel class of en-
ergy storage materials for rechargeable batteries. The
electrochemical process of cobalt nitrilotriacetic acid
CP nanorods (r-CoHNta) was analyzed by continuous-
wave (CW) X-band EPR spectra recorded at 2 K, as
shown in Figure 52,
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The intense sharp signal (g = 2.00 at 340 mT) can
be attributed to the free electron from super-P con-
ductive additives. The EPR spectrum of the pristine
r-CoHNta was dominated by a broad derivative line-
shape with peak intensity around g ~ 4.3 at 130 mT,
which is characteristic of rhombic high-spin (S = 3/2)
Co™ (tyes), disclosing that the Co-ions in pristine
r-CoHNta are weak 6-coordination. The most inter-
esting result is that Li-ion insertion into r-CoHNta
(the curve of 0.01d in Figure 5(A)) led to a Dysoni-
an-lineshape EPR absorption around ~ 312 mT (g ~
2.07). It is well established that the Dysonian line-
shape of EPR signal is the feature of delocalized con-
ducting electron. The delocalized conducting electron
might come from delocalized high-spin Co*" or from
Co-metal clusters. Therefore, this result suggests that
the high spin Co*" releases some electron spins from
the localized electrons after Li" intercalation. Several
MOF anodes were also investigated by EPR tech-
niques™,

4 Combination of NMR and EPR
for Research

4.1 Study of Na;V,(PO,),F;,,0,, or Na;V,-
(POy)s

Our group has studied the series samples of Na;V,
(PO4),F35,0,(y = 1.0, 0.8, and 0.6), produced by a

microwave-assisted solvothermal procedure™ *), The

three samples were called as NVOPF, NV,;3,0OPF and
NV,,OPF, among which the average valence states of
V-ion are +4, +3.8 and +3.6, respectively. The NVOPF
had only one *Na peak at 91.5 ppm (Figure 6(A)),
suggesting that the synthesis method could elimi-
nate, to a great extent, the defects, which was ob-
served previously by Park et al®. For NV;30PF, two
major peaks at 89.4 and 128.7 ppm were observed,
which comes from Na* close to V* and V*' ions, re-
spectively, considering that paramagnetic hyperfine
interaction of V* to Na is stronger compared to V*
ions. The ?Na MAS NMR spectrum of NV;,OPF was
broader, implying the stronger paramagnetic environ-
ment due to more V** ions generated. The *'P NMR
spectra also demonstrated the broadening effect of
the V*" ions (Figure 6(B)).

Continuous-wave (CW) X-band EPR spectra were
recorded under 2 K to further interpret the valence
state of V-ions. The NVOPF exhibited a featureless
first-differential spectrum centered at g-value of 1.93
with ~ 100 G peak-to-trough (Figure 6(C)). This g-val-
ue was close to that of free electron (g. = 2.0023),
suggesting the existence of V** with electron configu-
ration t',e’, (S = 1/2). However, the EPR signal inten-
sities of NV;5OPF and NV;,OPF were much weaker
than that of NVOPF (namely, NVOPF > NV,;,OPF >

NV;OPF), indicating a lower content of V* centers
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in these systems. Here the signal observed only came
from V*, since V¥ (t%e’, S = 1) is “EPR-silent” as it
is a non-Kramer's ion with integral J in LS coupling.
In addition, the EPR peak of NV;3OPF was much
broader than that of NVOPF (Figure 6(D)), suggest-
ing the presence of V* centers that significantly
broaden the peak of V* due to strong electron
dipole-dipole couplings between V*" and V*.

In-situ ®Na NMR spectra of Na/NV;4POF cell cy-
cled at a current rate of 0.05C during the first charge
and discharge processes were first acquired. Due to
the low resolution the in-situ static NMR spectra,
»Na MAS spectra were then acquired™. For the pris-
tine NV;3,0PF (Na;V,(PO,),F,40,4) sample, only Na*
signals close to V*" and V* were observed at ~ 130
and ~ 90 ppm. After the extraction of two Na ions
from Na;V,(PO,).F 40,6, Na,V,(PO,),F,,0,s with av-
erage covalence state of 4.8 was produced, having
two Na peaks neighboring to V¥ and V> at ~ 90 and
~ 6.5 ppm, respectively. To confirm V°" ion being ex-

isted in this system, the *'V MAS ssNMR spectrum of
Na,V,(PO,),F, 40,4 was acquired, having an obvious
signal located in the region of [-550, -720] ppm.

The *Na MAS ssNMR spectra for the charge pro-
cess of NV3,POF (Figure 7(A)) could be grouped into
two different stages (I and II): In Stage I, the main
peak at ~ 90 ppm showed a continuous shift to lower
frequencies, and this symmetric lineshape became
asymmetric with apparent shoulder peaks at the right
side. In Stage II, this main peak showed an shift back
to higher frequency. Such a phenomenon was not ob-
served in the NV,POF system. The NMR result of
NV;sPOF in the early stage II is counterintuitive, be-
cause it was believed that upon Na extraction, V*
should be converted to V* and V* should be convert-
ed to V>, leading to an overall shift to lower frequen-
cy. This observation could be explained by EPR mea-
surements. Parallel-mode EPR revealed two disper-
sion peaks at g = 4.01 and g = 1.93 (Figure 7(B))®.
The signal at g = 4.01 indicates the transition be-
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right 2018, American Chemical Society) (color on line)

tween |[+1> and |-1> doublet of an S = 1 spin state,
which can be ascribed to V** with t,¢’, configuration.
It should be mentioned that S = 1 configuration could
not be observed with perpendicular-mode EPR. The
increase of the V*' content in Na,V,(PO,),F, ;O
(Na0.48c, V*** covalence state) was obtained as com-
pared with that in bare Na;V,(PO,),F, 40,4, which in-
ferred that during the Na-ion extraction, the charge
disproportionation of two V* to a mixture of V** and
V3 possibly occurred in the stage II, which leads to
abnormal phenomenon in the Na NMR spectra in
Stage II. In the charged NV,POF sample, that is,
Na,V,(PO,),F,0,, no charge disproportionation was
observed and no generated V¥ as suggested by the
NMR spectra.

Another skin system boron-doped Na,;V,(PO,); had
also been studied by NMR and EPR with similar
techniques®. EPR results under 1.8 K confirmed the
generation of V*" with rhombohedral distortion upon
the fourth Na® intercalation process of Na;V,(PO,); at
low voltage of ~ 1.6 V, which is further confirmed by
»Na ssNMR experiments. The results from NMR and
EPR suggested that the boron substitution can widen
the range of solid-solution reaction, facilitate the

structural transformation toward V*-containing phase,
and mitigate the short scale heterogeneity of P and
Na nuclei®,
4.2 Study of Na,Li,Mn,,0, Cathodes

Two cathode materials, Na,;,Liy2,Mng 70, (NLMO)
and Nag7,Lig,MngTiy;0, (NLMTO-0.1) were studied
by NMR and EPRP. Cyclic charge/discharge studies
show that the stability of Ti-doped NLMTO-0.1 far
exceeded NLMO. The "Li pj-MATPASS ssNMR spec-
tra (Figure 8) were used to probe the structural evolu-
tion. For pristine NLMO (Figure 8(C)), the typical res-
onance observed at ~ 746 ppm can be attributed to Li
ions in the Na layer, whereas the resonances centered
at ~ 1490 and ~ 1850 ppm can be assigned to Li sites
in a honeycomb-like arrangement within the TMO,
layer. In particular, after Ti-doping, most of the peaks
for NLMO-0.1 had been largely broadened (Figure 8
(A)), due to more distorted coordination environ-
ments. Figure 8(B) shows that when Ti-doped NLM-
TO-0.1 was charged to 4.5 V and then discharged to
1.5 V, Li would return to the MnQO, layer (the yellow
region in Figure 8). However, when the NLMO sam-
ple went through the same process, Li would prefer

to stay in the Na layer (the blue region in Figure 8). It
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Figure 8. Isotropic slices of 'Li pj-MATPASS NMR spectra for (A, C) pristine NLMO, and NLMTO-0.1, and (B, D) fully discharged
NLMO and NLMTO-0.1 electrodes. The resonances within the blue-marked region correspond to the Li sites in the Na layer, while

the resonances within the yellow-marked region correspond to the Li sites within the TMO, layer. (Reproduced from Ref.

mission from American Chemical Society) (color on line)
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Figure 9. (A) Fine scanning vertical-mode EPR spectra of cycled NLMO under the representative SoC; The O,” EPR signals pos-

sess various hyperfine patterns. (B) Fine scanning vertical-mode EPR spectra of cycled NLMTO-0.1. (Reproduced from Ref.?? with
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should be pointed out here that the Li staying in the
Na layer will lead to a large number of vacancies in
the MnO, layer. The existence of vacancies makes
Mn tend to move and cause its structural instability.
The EPR experiments (Figure 9) showed that in
these two systems, the O," signal with an effective
g-value of 2.007 would appear after charging to 4.2 V,
but the signal evolution of NLMTO-0.1 became more
reversible. Especially, the EPR signal of NLMTO
moved along the x-axis upon charging and discharg-
ing, while that of NLMTO-0.1 stayed at the similar
position, further showing the better reversibility of

oxygen redox reaction in the NLMTO-0.1 system.
The combined use of NMR and EPR shows that Ti
doping can make Li return to the MnO, layer, and
then make the oxygen reaction more reversible, there-
by increasing the stability of the cathode materials.
Similar techniques were also applied to Sn/Zr-sub-
stituted P2-NaygLig»Mng0, system™. The ?Na ssN-
MR spectra shows that when charged to 4.5 V, the
“Na signal would be changed from a sharp peak at ~
1708 ppm to a broad peak ranging from 1560 to -300
ppm, signifying a considerable disordering around

the residual Na ions, which further confirms the gen-
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eration of stacking faults at high voltage of 4.5 V that
disrupt the long-range order. The 'Li ssNMR after long
50 cycles at low voltage of 1.5 V suggested the gradual
loss of the "Li in the MnO, layer. EPR also showed the
existence of O," signal. NMR and EPR results validate
that (i) Li migrates from TM layer to AM layer upon
charge, and do not fully return to the original sites in
TM layer upon discharge; (ii) the extraction/insertion
of Na leads to the local structural transition which is
not fully reversible; (iii) Li/Mn migrations keep go-
ing, leading to irreversible Li/Mn losses and Na-site
local disorder upon prolonged cycling.
4.3 Study of Cation-Disordered Rock-Salt
Li,,Tiy,Mn, O, Cathode Material
We also used EPR and NMR to study the

changes in the local atomic environment and elec-

tronic structure of the cation-disordered cathode ma-
terial Li;,Ti04Mnp4O, during the first cycle of charge
and discharge®. It was found by "Li ssNMR that Li
ions were preferentially extracted from the Li-rich
environment, which forms 0-TM percolation channel.
However, the irreversible loss of Li in the diamagnetic
environment after one cycle was observed in 'Li
NMR, indicating that the 0-TM channel was partially
destroyed. The "O NMR reveals that an anomaly oc-
curred in both "Li and "O shifts at the end of charging
to 4.8 V, since a decrease of the 7O peak shift and a
steep rise in the "Li weighted average shift were ob-
served. Such an anomaly implies the oxygen redox
reactions.

The EPR spectrum (Figure 10) of pristine Li,,Tij4-

Mn,,0, had no signal, however, upon charging, a

/
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D60
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Figure 10. Ex-situ perpendicular-mode CW-EPR spectra of LTMO during the processes of (A) Mn oxidation, (B) O oxidation, and
(C) reduction. These EPR measurements were performed at 1.8 K. Signal intensities are normalized based on the mass of each materi-
al scraped from the electrodes. The sharp signals centered at ~ 345 mT (g~ 2.0) stem from the delocalized electrons in the conductive
carbon black, which can be regarded as an external reference although it may cover up similar signals. (Reproduced from Ref.

with permission from The Royal Society of Chemistry) (color on line)
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prominent broad line resonating at ca. 90 mT (g~ 7.5)
was observed, which arises from the ferromagnetic
resonance. This result suggests the presence of short-
range ferromagnetism due to the local clusters of Mn
ions. At the beginning of oxygen oxidation (C230, ~
4.3 V), anew weak EPR signal appearing at g ~2.0 is
assigned to (O,)" species. However, this (O,)" signal
disappeared for C310 (~ 4.5 V) as oxidation proceeded.
When charging to a high voltage of 4.8 V (C358), a
signal analogous to that of the (O,)" species appeared
with stronger intensity, which should be ascribed to
the localized electron holes on the lone-pair states of
O whose other 2p orbitals are bonded to Mn. Further-
more, the results of Fast Fourier transforms (FFTs) of
the TEM images suggested that short-range order
(SRO) occurs when charging begins and the TM
cation migration takes place during O oxidation to re-
lax the distorted lattices, resulting in a local disor-
der-to-order transition, which deteriorates the diffu-
sion kinetics of Li ions.

The combined use of NMR and EPR confirmed
the migration and the aggregation of Mn ions, togeth-
er with the change of 0-TM environment and oxygen
environment during charge and discharge, which

leads to an undesirable voltage hysteresis and low

coulombic efficiency.

5 Conclusions

To conclude, ssNMR/EPR is a powerful tool to in-
vestigate electrode materials. NMR could probe the
environment evolution of different kinds of nuclei
with high-resolution, such as 'Li, ®Na, “F, 7O and es-
pecially ¥Co, providing direct evidence for structural
evolution together with the subtle information of
phase transition. EPR could probe different kinds of
metal ions (e.g., V, Co, Ni, Mn, Fe) containing un-
paired electrons and several metal electrodes (e.g.,
Li, Na) with high sensitivity. It could be employed to
characterize the electronic state and the redox state of
metal ions. Table 1 summarizes different NMR/EPR
techniques and their applications. The explicit physi-
cal background could be found in the ref.?. It should
be pointed out here that as the electrode material sys-
tem becomes more and more complex, the advance
NMR/EPR techniques, together with DFT (Density
Functional Theory) calculations are urgently needed.
Our group has used VASP and Quantum Espresso
(QE) software together to calculate 7O NMR and EPR
parameters (e.g., g-value), laying a foundation for the
explanation of NMR and EPR signals®?. Readers could
read DF T-related literatures for details™®*'!. The re-

Table 1 Summary of important magnetic resonance techniques and their applications

Technique

Application

MQMAS (multiple-quantum magic angle spinning)

pJMATPASS (projected magic-angle-turning phase-adjusted-
sideband-separation)

WURST-CPMG(wideband uniform rate smooth truncation
Carr-Purcell Meiboom-Gil)

2D homonuclear
correlation and exchange (2D EXSY)

2D homonuclear correlation based on dipole coupling
(i.e. RFDR)

Perpendicular mode EPR

Parallel mode EPR

Obtain high-resolution 2D NMR spectra of half-integer
quadrupolar nuclei, e.g., *Na(Na;V,(PO,),F;,0,,), "O.

Obtain high-resolution NMR spectra with large chemical-
shift-anisotropy broadening due to hyperfine interactions, e.g.,
7Li(Nao.7zLio.241\/1110.7602), 31P, lgF(Nasvz(POOst-z,Oz})-

Obtain static broad NMR spectra, e.g., “N, *Mo (MoS,).
Study dynamic or chemical exchange processes, e.g., 'Li and

23Na

Detect neighboring atoms in space to reveal the spatial
proximity, e.g., 'H, 'Li, and *'P.

Detect the transitions between eigenstates for systems with
half-integer spin, e.g., V*".

Detect the transitions between eigenstates for systems with
integer spin, e.g., V*".
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sults from the combination of NMR and EPR have
important implications for the interpretation of the
working mechanism and structure-activity relation-
ship.

Above all, these investigations might pave the way
towards better understanding of the structural evolu-
tion mechanism and the design of the stable high-ca-
pacity electrode materials in the future. More appli-
cation using NMR and EPR techniques to electrode
materials is expecting.
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