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The push for increased vehicle electrification and the use of
batteries on the grid requires significant improvements in the
performance, cost, and safety of rechargeable batteries. This
has driven world-wide research efforts to find alternative Li-
ion electrode materials offering high energy density, high
power, low cost, and electrochemical stability. Understanding
how the electrode materials operate under realistic operating
conditions is a critical part of this research activity. In situ
techniques, such as X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS) probe structure and oxida-
tion state, but do not probe lithium mobility directly, lithium
diffusion being one important criterion for achieving high
rates and thus high power batteries. Herein we show how the
insitu NMR methodology can be adapted to probe Li
mobility and the nature of electrode phase transformations
in real time as the battery is cycled, even when the material
under investigation is paramagnetic.

The spinel Li;,.Mn, O, (0 <z<0.33) has attracted sub-
stantial interest over the past few years and is now used
commercially in high-power batteries.!! Li[Li,Mn,,]O, has
a three-dimensional (3D) structure formed by cubic closed
packed oxygen ions, in which Li and Mn ions, along with
excess Li (0<z<0.33), occupy tetrahedral 8asites and
octahedral 16d sites, respectively."® This 3D Mn,0, lattice
provides tunnels for efficient lithium-ion diffusion. Li;, . Mn,.
.O, can be deintercalated electrochemically to remove 1-
3z Li, retaining the cubic Mn,O, framework throughout.'*?
Given the importance of this high-rate material and this
structure type in general, we use Li;,.Mn,_ O, to demonstrate
our in situ metrology. To our knowledge, so far only one study
was published on the microscopic Li mobility in pristine
Li[Liy0Mn; 9]0, Herein we aim to gain further insight into
the microscopic Li dynamics during the charge/discharge
processes in the Li excess spinel, Li; sMn, ¢,0,.

The use of NMR spectroscopy to measure Li* mobility!*!
offers some advantages over other electrochemical tech-
niques, such as galvanostatic intermittent titration technique
(GITT), potentiostatic intermittent titration technique
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(PITT), electrochemical impedance spectroscopy (EIS), in
probing atomic-level dynamic processes and not being
affected by surface effects, grain boundaries, or crystallo-
graphic phase boundaries."”! Ton dynamics can be investigated
when hopping between sites occurs on a time scale compa-
rable to or shorter than the size of the NMR interactions!®
and motional processes at different time scales can be studied.
For example, chemical exchange processes between sites with
different resonance frequencies (caused in this case by Fermi
contact shifts) can be probed on a time scale of ms to s, while
relaxation rate constants (spin-lattice, 7; and spin-spin
relaxation, 7,) probe processes in a broader range of ns to
ms.”) In this study, the Li dynamics in the paramagnetic
material Li; sMn, 0,0, are explored by measuring the 75,
in situ (i.e., under operando conditions) on a working battery.
In practice, a Hahn-echo experiment is used to measure 7,
and thus the signal decay monitored arises from a combination
of the intrinsic 7, relaxation and the NMR interactions that
are not refocused by the echo pulse; the decay constant is,
therefore, denoted as 7,.®! These T, changes provide an
indirect measurement of motional processes on the timescale
of ms to us and allow the nature of the order—disorder
transitions occurring in the electrode during battery cycling to
be investigated. The analysis is further supported by ex situ
"Li magic-angle-spinning (MAS) NMR of Li;,sMn, 4,0, at
different states of charge (SOC).

The exsitu 'Li MAS NMR spectra of Li;Mn, 0,
(Figure 1) contain very weak resonances at 717 and

/ LizMnowralfims region

[ Y/ SOC(%)
1475 902793 1990 | 83
‘ | 793 63&5 [ 73
1 803 ! 64

! d 55

15‘0() 12‘50 10‘00 750 560 ZéO 6
~——5(Li)/ ppm

Figure 1. 'Li MAS NMR spectra of Li, sMn;, 5,0, electrodes at different
SOC. Spectra were acquired at 4.7 T with MAS frequency of 40 kHz.
The resonances at d=1475 and 717 ppm, marked on the spectra, arise
from Li,MnO;. The isotropic shift regions are marked with a red
dashed square; other spectral regions are dominated by the spinning
sidebands. Spectra are normalized by the number of scan and the
mass of the active material in the electrodes.
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1475 ppm at all SOC
because of trace Li,MnO;
impurities, their presence
indicating that the Li con-
tent of the spinel sample is
slightly lower than the
nominal content 1.08
(1.08:1.92 Li:Mn). Inter-
estingly, at the beginning
of charge (9% SOC) the
resonances between 0=
500-750 ppm, assigned to
Li ions in tetrahedral
sites,*”  collapse  to
a single broad resonance
at 0 =536 ppm. This fea-
ture is indicative of
motion on a timescale
that is faster than the larg-
est frequency separation
(136 ppm; 10.5kHz at
4.7 T) between the various
resonances. Detailed two-

site chemical exchange simulations using this frequency
separation (Figure S4 in the Supporting Information) suggest
a correlation time for Li hops between the tetrahedral 8a sites
(hy) of the order of 40 ps. The increase in Li motion is
facilitated by the Li vacancies, formed on charging. A second
weak resonance at & =902 ppm appears at 9% SOC and
remains upshifted until 83 % SOC and is tentatively assigned
to either an electrochemically formed double hexagonal
(DH) phase" (see Supporting Information) and/or Li in
tetrahedral sites near octahedral defects.”™ The main reso-
nance (at 0=>536ppm at 9% SOC), assigned to Li in
tetrahedral sites, continues to shift to high frequencies
consistent with an increase in Mn average oxidation state,
but remains as a single resonance up to 83 % SOC, indicating
that the rapid Li motion persists. A weak peak at 8 =803 ppm
is observed at 64 % SOC from a new Li" environment. As the
SOC increases further, the main resonance now at 0=
639 ppm and the weak resonance at =803 ppm shift slightly
towards each other. This change suggests that Li chemical
exchange (Li hopping) occurs between these sites, but on
a slower time scale than the exchange between sites that gives
rise to the major resonance at 6 =639 ppm (see Supporting
Information for details). This slower exchange process is
further confirmed by a two-dimensional chemical exchange
experiment performed on Li; xMn, 4,0, at 73% SOC (Fig-
ure S3). No exchange is seen between the d=639 and
803 ppm and the =902 ppm resonances, consistent with
the assignment of the 8=902 ppm resonance to either
a second (possibly, DH) phase or a more trapped Li environ-
ment. The 6=2803 ppm resonance is ascribed to Li" near
octahedral Li* defects on the Mn sub lattice (see Supporting
Information for further discussion of 'Li MAS NMR shifts).
In short, the "Li MAS NMR spectra suggest that Li chemical
exchange is occurring between different Li sites throughout

the charging process.
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Figure 2. In situ 'Li static NMR spectra for the first cycle of a Li; sMn; 5,0, versus Li/Li" bag cell at 25°C.

a) Voltage profile (black), integrated intensity of the spinel resonance (red) and intensity of the spinel

resonance (blue) adjusted by the corresponding in situ T, values (red triangles in Figure 3) versus capacity
plots. b) ’Li NMR stack plot. The in situ cell was cycled galvanostatically with a C/50 rate between 3.0 and 4.5 V
during the spectra acquisition. A Hahn-echo pulse sequence (echo delay, 10 us) was used to collect a total of
72000 scans for each spectrum, in approximately 60 min. The short recycle time (0.05 s) lead to suppression of
the 8 =0 ppm electrolyte signal. Both the integrated intensity and the intensity adjusted by the corresponding in
situ T, of the spinel are normalized to 1.

The removal of Li occurs by two processes at approx-
imately 4.0 and 4.15 V (Figure 2a). The voltage step has been
proposed to originate from Li ordering on the tetrahedral
sub-lattice at 50% SOC/!*™ Li ordering resulting in
a decrease in entropy and an increase in the free Gibbs
energy of Li Mn,O,, increasing the potential. Since the MAS
spectra do not immediately provide insight into the nature of
the two processes, in situ NMR spectroscopy was performed.
The spectra are plotted as a function of capacity (where
128 mAhg ™' corresponds to 100 % SOC) in Figure 2. Since the
in situ measurement is performed on a static sample, the
various Li environments within the spinel electrode can no
longer be resolved and only a single broad peak centered at
8=560 ppm is observed. As described previously,'” the
battery was oriented so that the normal to the bag cell is at
the magic angle, ensuring that bulk magnetic susceptibility
shifts are minimized. As a result, the center of mass of the
broad static resonance is close to the center of mass for the
isotropic resonances observed when spinning. The resonance
at about 0 =250 ppm arises from the Li metal anode. The
spinel resonance shifts to high frequencies and decreases in
intensity, as Li is removed from tetrahedral sites and Mn*" is
oxidized to Mn*" during charging. During the discharge
process, the trends in electrochemistry and shift in the spinel
peak position are reversed, as expected.

Since the NMR signal depends linearly on the concen-
tration of NMR active spins, a gradual, linear decrease in the
intensity of the spinel signal with SOC might be expected. In
contrast, a rapid decrease in Li intensity at the very beginning
of charging is seen which is followed by an increase at 50 %
(“Liys”) and then a continued decrease until the end of the
charge (red line, Figure 2a). The trend is reversed during on
discharge. This deviation is ascribed to changes in the Li
motion and thus to relaxation processes that occur during the
Hahn echo evolution and refocusing times used in the
acquisition of the NMR data. To confirm this, insitu 73
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Figure 3. In situ ’Li static T,” Hahn echo measurements of

Li; 0gMn, 5,0, versus Li/Li* bag cells for the first cycle performed at

13 (black square), 25 (red triangles), 40 (blue circles), 60 (magenta
diamonds), and 70°C (green stars). The corresponding in situ T,’
values of the Li; sMn, 5,0, electrode at different temperatures were
plotted against normalized capacity, where 0 to 1 reflects the charge,
and 1 to 2 reflects discharge (Li insertion). The capacity is normalized
with respect to full capacity of Li, ¢sMn; 4,0,. Black arrows indicate the
corresponding SOC. Experimental details and the fitting protocols
used to extract the T, values are given in the Supporting Information.

values were measured for a second battery during cycling
(Figure 3, 25°C plot). The intensity of the spinel resonances
were then corrected (blue line, Figure 2a), by taking into
account the signal decay during the echo period due to 75
relaxation. A more gradual intensity decrease as Li is
removed is now observed.

The initial rapid drop in 7, (Figure 3) is correlated with
the onset of rapid Li" motion, as observed by the coalescence
of the different resonance in the exsitu 'Li MAS NMR
spectra (Figure 1). Simulations of the effect of multiple-site
chemical exchange on the 7, (Figure 4 and Figure S6a,S6b)
confirm that a significant decrease in 7, will occur when the Li
hopping frequency is on the order of the frequency separation
between the different Li resonances that contribute to the
spectrum (i.e., in the kHz regime; see Supporting Informa-
tion). In our simple model used herein to estimate the
correlation times for Li" motions (7.y), that is, the exchange
time for hops between different Li sites, we consider the effect
of hops between sites that give rise to the four isotropic
resonances of the pristine material MAS spectrum (Figure 1).
The frequency shifts between resonances in a static spectrum
are, in practice, a combination of different Fermi-contact
shifts and/or Li-electron (Mn) dipolar interactions. After
dropping further, the 7," measured at 25°C then increases
noticeably as Liys (50% SOC) is approached, which we
ascribe to reduced Li motion, owing to the proposed Li
ordering at this composition.'*!!] This is consistent with the
exhibition of a local minimum of the component diffusion
coefficient D; at Liys calculated by using Monte Carlo
simulations based on the lattice gas model.”! The T,
decreases again as more Li is removed as Li vacancies are
formed on the (partially) ordered Li,s sub-lattice. Very little
change in 7, is observed above 60 % SOC.

As the temperature increases, similar overall features are
observed in the insitu 7, profile (Figure 3), although the
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Figure 4. The plot of a) T, values versus the exchange time constant
7. An expanded T, plot in b) showing that, on the left side of the
curve, in the fast motion regime, T, is inversely proportional to the
exchange time constant, z; on the right hand side, in the slow
motion regime, T, is proportional to 7.,. To illustrate the effect of
motion on the T,, simulations were performed for chemical exchange
between 4 Li sites with the same frequency separation, Av (in units of
Hz), as the four resonances for Li in tetrahedral sites in the pristine
Li; sMn; 5,0, sample (i.e., =522, 567, 594, 658 ppm (Figure 1) at

a field strength of 7 T,). The simulated Hahn-echo decay curves for
different values of 7., were then fit assuming a single exponential
decay to extract the T, values.

phenomenon observed at 50% SOC is less pronounced at
higher temperature. This is ascribed to the increased Li
motion and a suppression of the degree of Li ordering at Lij
at higher temperatures. Of note, the 7, between 4 and
approximately 40% SOC shows a strong dependence on
temperature. A minimum in the 7, (of ca. 25 ps) is observed
at room temperature and below (at ca. 40 % ). In contrast, the
T, increases markedly between 4 and approximately 40 %
SOC at higher temperatures, reaching a maximum at
approximately 20% SOC of 48, 76, and 93 ps at 40, 60, and
70°C, respectively. As suggested by Figure 4, the increase in
T, with increasing temperature provides compelling evidence
that the Li motion at higher temperatures is now in the so-
called fast motion regime, the regime where faster motion
results in an increase in 7,.'"* The transition from slow to fast
motion regime occurs when the Li hopping frequency is more
than twice the largest frequency separation between different
resonances, that is, when the correlation time for exchange is
on the order of or less than 28 s (Figure 4 and Supporting
Information), within the simplified model used herein.
Notably, the measured changes in 7, on discharge during
the 4.0 V process are very different from those seen on charge
reflecting differences in the degree of ordering and structural
pathways taken on charge and discharge (see Supporting
Information for further discussion). Combined GITT and
NMR experiments were performed in which the 7, (and thus
Li mobility) was measured during both the cycling and rest
periods (Figure S7). Of note, the 7, values measured from 8
to 40% SOC were all systematically larger during charging

Angew. Chem. Int. Ed. 2015, 54, 14782 —14786


http://www.angewandte.org

than during resting, reflecting faster Li* motion, presumably
a consequence of a)increased disorder and b) the driven
diffusional process. Further simulations are required to
explore the driven diffusional proposal. At 4% SOC, the T’
value measured on charging is lower than that measured
during resting, supporting the proposal that motion at this
SOC is still in the slow motional regime. Similarly at 44 %
SOC and above the motion returns the slow regime.

Many factors may in principle influence the measured 7,
values, including the electron relaxation times, 7., the rate of
electron hopping between the Mn*" and Mn®" ions, and the Li
motion. The longitudinal relaxation time, 7}, (which is mostly
driven by high frequency processes) measured in a separate
ex situ experiment decreases linearly upon charging and does
not fluctuate in the same way as the 7, (Figure S9). Addi-
tionally, the 7', times are more than two orders of magnitude
longer than the 7, times. These observations suggest that high
frequency motions are not the source of the 7,. Both the
electron relaxation, 7, (usually 107-1077 us™), and the
electron hopping, (evaluated from the electronic conductivity
data for LiMn,0,™ to be approximately 107'-107? ps; see
Supporting Information), correspond to high-frequency pro-
cesses, indicating that, while these processes may be sources
of T, relaxation, they are not the dominant sources of T,
relaxation, that is, our 7, measurements probe low-frequency
motions, that is, Li dynamics. Future work involves the
development of a global exchange model to take into account
changes in the full ’Li Hamiltonian on chemical exchange but
is beyond the scope of this report.

Importantly, the smooth and non-linear variation of the
T, with SOC, and its temperature behavior clearly shows that
the electrode material is undergoing a solid—solution phase
transformation between 0 and approximately 44 % SOC (the
4.0 V process), consistent with in situ XRD measurements for
related materials.>'”! This observation does not rely on any
understanding of the nature of the interactions that govern
the T, relaxation mechanism, but follows from the fact that
the signal decays measured in this regime cannot be fit by
assuming a linear combination of two 7, values from two end
member phases. The nature of the structural phase trans-
formation of the Li excess spinel above 50 % SOC remains
controversial and seems to depend on rate.*'”! Our ex situ
MAS results suggest that the regime between 64 and 83 %
SOC can be described at least locally in terms of a reaction
between one component containing mobile Li ions and
a second component containing more rigid Li ions nearer
higher valent Mn ions. 2D exchange NMR experiments
indicate that they are in close spatial proximity and not in two
separate sets of particles. The changes in 7, determined
in situ do not vary noticeably from approximately 65 to 90 %
SOC (and 10-35 % depth of discharge (DOD)) in this regime,
and, as discussed in the Supporting Information, again
resembling the behavior expected for a two phase reaction
rather than a solid solution.

In conclusion, in situ 7, relaxation measurements provide
a simple method to monitor Li mobility during battery
cycling, as a function of temperature. Since Li dynamics are
strongly related to structural properties, the changes in in situ
T, are used to indirectly detect structural changes, such as Li
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ordering. We expect this approach to be applicable in a wide
range of battery systems where ion dynamics plays an
important role in the battery’s performance.

Experimental Section

Li excess spinel, Li;Mn;,0O, was synthesized by a solid-state
method from Li,CO; and Mn,O;. Li,CO; (Fisher Scientific 99 % ) and
Mn,O; (Sigma Aldrich) were mixed in a Li/Mn ratio of 1.08/1.92,
pelletized, and then heated at 650°C for 12 h and 850°C for 24 h.*>18l
Heating and cooling rates were 2°Cmin . The Li, ;sMn; 4,0, electro-
des for ex situ MAS and in situ NMR experiments were prepared by
mixing Li, ,sMn, 3,0, powder, Super P Li (Timcal) with PVDF (Sigma
Aldrich) in an 8:1:1 ratio, and 85% Li, sMn, 1,0y, 7.5% PTFE and
7.5% Super P Li, respectively. Li; sMn; ,0, vs. Li/Li" batteries were
assembled in an argon glove box in either coin cells (for ex situ) or
polyester plastic bag cells (for insitu) as described elsewhere.”'?!
Electrochemical cycling of coin cells and in situ bag cells were carried
out using an Arbin battery cycler and a Biologic VSP (Ultimate
Electro-chemical Workstation), respectively. For ex situ NMR sam-
ples, the coin cells were charged to a certain SOC, and were then
dissembled in the glove box and the active materials were extracted,
washed, dried and packed into 1.8 mm diameter zirconia rotors for
NMR measurements. NMR experiments were performed on 4.7 T
Bruker Avance III 200, 7 T Tecmag LapNMR spectrometers.
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