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Robust and reliable diagnostic tools that can be employed under operating conditions are crucial to
understanding performance and failure mechanisms in battery processes. The operando spectrum of
a battery often consists of a strongly overlapping mixture of time dependent and independent
resonances due to the compositional complexity. Here we report a new method called derivative
operando (dOp) that improves the resolution of operando nuclear magnetic resonance (NMR) spectra by
removing time independent signals and further distinguishes between time dependent signals associated
with the formation and removal of species. This approach not only provides better resolution but also
more clearly reveals correlations between resonances and the chemical transformations occurring at
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Accepted 27th November 2017 a specific potential. With the dOp-NMR method we detect the formation of lithium graphite intercalation

compounds (GICs), including the signatures of LiC;, and its precursors, which have been previously
DOI: 10.1038/c7ta07521a undetected. We also observe a clear correlation of the dOp “Li NMR spectra of lithium metal dendrites

rsc.li/materials-a on the counter electrode with the chemistry of the working electrode.

1 Introduction

The growing demand for batteries with higher energy and power
densities has stimulated considerable efforts towards the devel-
opment of new materials."® Concurrently, advances in robust,
non-destructive in situ and operando characterization techniques*
are becoming critical as we attempt to improve our understanding
of how structural transformations, reaction dynamics, and tran-
sient non-equilibrium processes at various length and time scales
determine battery performance and failure mechanisms. A
number of complementary operando techniques have been
developed to probe specific chemical processes, each with its
respective advantages and limitations. For instance, operando X-
ray scattering®>” has been invaluable for identifying and detecting
transformations among various crystalline phases during cycling.
Another example is operando scanning probe microscopy,® which
monitors the expansion and contraction of electrode materials.
Neutron depth profiling®** has been used to quantify lithium
accumulation/depletion, lithium rearrangement, and lithium
transport during lithiation and delithiation processes in lithium
ion batteries. Nuclear magnetic resonance (NMR) spectroscopy
and imaging (MRI), in particular, have become important new
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tools in operando studies of battery materials using NMR active
nuclei to provide quantitative identification of structural species in
crystalline and non-crystalline solids as well as in fluid phases,
including anode materials,*® metallic dendrites," electrolytes,'
and electrolyte decomposition products.”

In spite of these successes, the interpretation and assign-
ment of an operando signal from a battery is challenging due to
overlapping signals arising from the electrolyte, cathode,
anode, and solid-electrolyte interface (SEI) phases. In the case
of NMR the higher spectral resolution of magic-angle spinning
(MAS) has remained out of reach due to a number of technical
hurdles, notably the magnetic braking due to eddy currents
arising in metallic current collectors as well as in metallic
electrode materials during sample rotation.

Reported herein is an NMR method we have developed that
(1) improves the resolution of overlapping resonances - aiding
in spectral assignments - and more importantly, (2) differenti-
ates the signals due to the formation and removal of species by
eliminating all signals that are constant during the battery
processes through signal processing. This approach, which we
have coined “derivative operando” (dOp) spectroscopy, is not
limited to processing NMR spectra but can be generally applied
to other operando methods to remove sizable signals that
remain invariant during the operando process. The dOp spec-
trum not only provides better resolution but also offers a more
direct correlation of the species formed and removed with the
electrochemical current measured at each potential/time.
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2 Methods

2.1 Sample preparation

2.1.1 Graphitic carbon electrode preparation. A slurry was
made from 85 wt% mesocarbon microbeads (MCMB) (TB-17,
MTI Corp.) with 5 wt% carbon black (Carbon Vulcan Black
XC-72R) and 10 wt% polyvinylidene fluoride (PVDF, MTI Corp.)
in N-methylpyrrolidone (NMP, MTI Corp.). The slurry was cast
on a thin copper foil (9 pm thick, MTI Corp.) current collector
using an adjustable doctor blade (MSK-AFA I, MTI Corp.) set at
a thickness of 0.4 mm followed by drying from 65 °C to 90 °C for
4 hours with intermittent vacuum. The electrodes were cut,
weighed, and vacuum dried before assembling the battery. Each
dry electrode contained around 9 mg of active material.

2.1.2 Electrochemical cell. A modified version of the bag
cell battery configuration developed by Bellcore* was used in
this study. A two-electrode battery half-cell was assembled in an
Ar filled glove box (mBraun) with continuous detection of H,O
(<0.5 ppm) and O, (<0.5 ppm). The carbon electrode served as
the working electrode and a high purity lithium metal foil
(0.3 mm thick, Chemetall Foote Corp.) served as the combined
counter and reference electrode. A 1 M solution of lithium
hexafluorophosphate (LiPF¢) in a 1:1 volume ratio of ethyl
carbonate (EC) and dimethyl carbonate (DMC) was used as the
electrolyte (Purolyte A5 Series, Novolyte Technologies). The
carbon and Li electrodes were separated by a Celgard® 2400
separator soaked in the electrolyte prior to assembly. The
lithium electrode was pressed onto a copper mesh current
collector. The cell configuration was similar to that shown by
Letellier et al.,”* but two working electrodes were used to
increase the NMR signal as illustrated in Fig. 1A. The stack was
vacuum sealed in a polyethylene plastic bag inside the glove
box. The electrochemical cell was 8 mm wide and 10 mm long
and contained a total of 18.1 mg of MCMB.

The data presented here were measured using the same
carbon electrode. We have done this to ensure consistency in
our comparison of NMR and electrochemical data. We have
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Fig. 1 (A) Schematic drawing of a bag cell configuration with two
working electrodes. (B) Labeled photo of the modified probe head with
a rectangular coil and Vespel housing.
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repeated all experiments reported here with several identical
carbon electrode systems to confirm that all the trends reported
are statistically significant and reproducible.

2.2 NMR measurements

NMR measurements were performed on a hybrid Tecmag
Apollo-Chemagnetics CMX II 9.4 T (155.48 MHz for “Li) NMR
spectrometer. All frequency shifts are given in terms of the
dimensionless quantity,
V — Vyef

0= v (1)
where v, corresponds to an external ‘Li NMR resonance
reference frequency from 1 M LiCl. The inversion recovery
sequence” was used for all measurements of spin-lattice
relaxation times, 7;. The NMR T; relaxation times and spin
coupling parameters for lithiated graphite sites detected in this
study are given in Table 1 along with the potential at which they
are formed. All measurements were performed at ambient

temperature.
The “Li nucleus has spin S = 3/2 and has three NMR active
.. .. 1 1
transitions: the central transition mg = §—> -5 and two
. .. 3 1 3 .
satellite transitions, mg = 5—> > and mg = —E—> — 5 In addi-

tion to having a nuclear magnetic dipole moment, the “Li
nucleus also has an electric quadrupole moment. The coupling
between this quadrupole moment and local electric field
gradients can lead to an anisotropic broadening of the satellite
transition resonances as illustrated in Fig. 2A. These line shapes
can appear somewhat distorted with intensity loss from the
broad component of the anisotropic line shape due to receiver
dead time at the beginning of signal acquisition. In contrast,
the central transition experiences no anisotropic quadrupolar
broadening to first order.”

Radio frequency power levels were reduced to 25 watts to
eliminate arcing in the coil. This corresponds to a rf field
strength of w,/(27t) = 14.4 kHz. At this power, nutation experi-
ments show that the lithium metal resonance nutates at twice
the rate of the lithium sites in the electrolyte and the graphite
intercalated compounds (GICs). An increase by a factor of
(S +1/2) in the nutation frequency (2 for “Li) indicates that the rf
pulse excites only the central transition of the Li metal reso-
nance due to its larger quadrupole splitting wq > w;. This
observation of faster nutation of the lithium metal resonance
conflicts with the conclusion of Chevallier et al.*®* who noted
that the lithium nuclei in the metal experience no electric field
gradient. At this power a 2.5 ps pulse length corresponds to
a 13° rotation of all lithium transitions for sites in the electrolyte
and GICs and a 26° rotation of the central transition for sites in
the lithium metal.

Fig. 2B shows a typical in situ 'Li NMR spectrum of the Li ion
cell with a lithium counter electrode and graphite as the
working electrode at a potential where LiC¢ is the dominant
form of lithiated graphite. The ’Li NMR resonance at
0 = 274 ppm is assigned to the central transition of “Li in the
metallic lithium counter electrode. The “Li satellite transitions

This journal is © The Royal Society of Chemistry 2018
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Table 1 Li NMR shifts, quadrupole coupling parameters, relaxation times, fraction of transverse magnetization, predicted integrated signal
intensity based on reaction stoichiometry for the GICs found in this work. The quadrupole asymmetry parameter is approximately n, = O for all

sites

Potential/V Fraction of transverse Predicted integrated

Li site Stage (vs. Li/Li") Oni/ppm Cy/kHz Ty/s magnetization intensity

Li metal — — 274 — 0.140 0.369 —

Precursors >8 >0.47 ~—82 to —2.5 — — — —

LiCyy 8 0.47 —2.5t0 —1.0 — — — —

LiCss 4 0.189 ~2 36 3.15 0.096 0.2889

LiC,; 3 0.137 6.3 36 3.87 0.085 0.1702

LiCyg 2L 0.116 12.5 36 — — —

LiCy, 2 0.086 48.3 34 2.14 0.118 0.7074

LiCq 1 0.047 45.2 44 1.80 0.128 2.2968

in the metal are too broad for detection. The strongly positive
shift from 0 ppm arises from an increased magnetic field at the
nucleus due to an interaction with the conduction electrons
called the Knight shift.** The lithium metal sites have a spin-
lattice relaxation time of Ty = 140 ms. The electrolyte, LiPF,
and SEI appear around —2.5 ppm. As noted earlier these reso-
nances nutate at a rate of w;. The additional lack of any
observable anisotropic broadening indicates that these ’Li sites
experience little to no quadrupolar coupling to local electric
field gradients as would be expected for a Li" cation in an
isotropic environment. The “Li spin-lattice relaxation time of

LiPF, is 675 ms. Most notably, seen in this spectrum are central
and satellite transitions for “Li of LiCs. The central transition
peaks at approximately 45 ppm. The quadrupolar coupling—
responsible for the anisotropic broadening of the satellite
transitions—is characterized by a constant of Cq = 44 kHz and
quadrupole asymmetry parameter of approximately 74 = 0. The
7Li spin-lattice relaxation time of LiCg is 1.8 s. Finally, we note
that the lower intensity resonance at approximately 18 ppm is
assigned to lithium naphthalenide which is produced during
the formation of LiCy,.

central transition
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Fig. 2 (A) Component and overall powder pattern NMR line shapes for the two satellite transitions and the central transition of the “Li nucleus
with a quadrupolar coupling constant of C, = 44 kHz and a quadrupolar asymmetry parameter of zero. (B) In situ ’Li NMR spectrum of the cell
during the formation of LiCg showing the resonant frequencies of the lithium metal, electrolyte and SEl, lithium naphthalenide, and the
quadrupolar powder pattern of LiCe.
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2.2.1 Operando study. The electrochemical bag cell was
placed inside a thin (0.635 mm thick) wall rectangular Vespel
housing, as shown in Fig. 1B. The thickness of the battery was
matched to the opening of the housing and Teflon shims were
added above and below the cell to keep a uniform pressure
applied across the cell and maintain electrical contact. A nine
turn rectangular (20 mm X 5 mm x 14 mm) transceiver coil
was wrapped around the rectangular Vespel housing and
mounted on a Bruker static probe as also shown in Fig. 1B. The
housing was oriented in order to place the electrode face
parallel to B, in order to minimize magnetic susceptibility
broadening.” The probe was modified to bring the potentiostat
wires up through the base of the probe to maintain a common
ground with the probe circuit. Low pass filters were connected
in line with the potentiostat cables to block high frequency
noise injected from the potentiostat and stray pick up of the
potentiostat cables from reaching the NMR receiver coil.

A CHI760D (CH Instruments, Inc., Austin, TX) galvanostat/
potentiostat was used to perform the electrochemical
measurements. All voltages were measured and reported
against Li/Li". The initial open circuit potential (OCP) of the cell
was approximately 3.1 V vs. Li/Li". The OCP was measured over
a period of 15 minutes to ensure steady state potential before
the beginning of the operando measurements. The NMR signal
was simultaneously acquired with three cyclic voltammograms
(CV) between 700 and 5 mV at a potential sweep of 2 uV s .

For operando NMR/cyclic voltammetry experiments the
acquisition time of a single free induction decay was 10.24 ms.
With a 13° pulse and a T; of 1.8 s for the LiCs we set the recycle
delay time to 49.4 ms to optimize sensitivity according to the
Ernst angle equation®® and averaged 15 084 scans for each
spectrum. Because of the differential “Li relaxation times of the
GICs we calculate and present in Table 1 the fraction of trans-
verse magnetization after the steady state has been reached for
the excitation pulse length and recycle delay used in the oper-
ando NMR measurements. A fraction of 1 corresponds to the
excitation of equilibrium magnetization. There is a systematic
decrease in 'Li T, with increasing lithiation of the GICs leading
to a slight but not insignificant loss in GIC resonance intensity
(quantitative areas) with decreasing lithiation.

With these parameters each spectrum was acquired in
At,, = 15 min giving an electrochemical resolution of 1.8 mV per
NMR spectra. A total of N, = 2317 spectra were acquired for a total
measurement (operando) time, ¢, of 580 h (approx. 24 days).

2.2.2 Signal processing. The initial phase of the NMR signal
varied during the operando experiment while the potentiostat
varied the voltage and current through the electrochemical cell.
A zeroth-order phase correction was applied to each of the N,
free induction decays by adjusting the maximum signal ampli-
tude at ¢ = 0 to be in the real part, where ¢ is the acquisition time
in the NMR experiment. Additional zeroth and first-order phase
corrections were applied identically to all N,, = 2317 spectra. All
signal processing was performed with the program RMN.*

The derivative of the operando signal as a function of oper-
ando time, {,,, and NMR transition frequency, w, is calculated
via the Fourier derivative theorem which states
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if f(top, ) = J a(wop, w) e dtyy,

then %f (top,w) = J i0pa (op, @) L. (2)

op

In other words, the derivative of the signal, fltop,w), is
a convolution of the signal with the inverse Fourier transform of
the function iw,p. This function, however, will amplify high
frequency noise so a Hamming function is applied to cut off the
undesired higher frequencies. In practice this is implemented
in four steps: (1) application of a discrete N,, point Fourier
transform of the signal with respect to the battery operando
time, t,p; (2) multiplication of the signal by iw,p; (3) multipli-
cation of the signal by a Hamming function given by

w
o+ 6 cos (ﬂ) , for |wep| =27,
£lo) = ) fo [l =20

0, for |w0p‘ > 27w,

where v, is the cutoff frequency—in this case set to 150 pHz—
and « = 0.54 and # = 0.46 are predefined constants for the
Hamming function; and (4) application of a discrete inverse
Fourier transform with respect to wy, to obtain the derivative
signal with respect to the battery operando time. A more
detailed step-by-step guide in the derivative processing of the
signal is given in Section S2 of the ESL.{

3 Results and discussion
3.1 Cyclic voltammetry

Fig. 3A shows the cyclic voltammogram of the carbon electrode
measured at a sweep rate of 2 uV s~ from 700 to 5 mV vs. Li/Li".
The direction of the scan is indicated in the figure. Negative
currents indicate lithiation or reduction and positive currents
indicate delithiation or oxidation processes. The peak assign-
ments were based on in situ XRD measurements.> The first
cycle (blue dashed line) shows broader and shifted peaks as the
freshly prepared battery is negatively polarized. A solid elec-
trolyte interface (SEI) slowly forms on the surface of both elec-
trodes, changing their surface chemistry, and therefore,
resulting in a broader distribution of potentials that shift with
respect to each other. As the electrode gets passivated, the
potential of the lithium anode reaches a steady state, and the
observed peak potentials for the subsequent cycles on lithium
do not change substantially, reflecting the electrochemical
reactions occurring on MCMB. The second (red dotted line) and
third (green solid line) cycles show reproducible peak poten-
tials. The electrochemical reactions have been previously
described.>”*® In order to aid in the discussion in Section 3.3,
the stoichiometric coefficients of the reactants and products in
the electrochemical equations given below have been normal-
ized to reflect the predicted relative intensities in the dOp NMR
spectrum for a fixed amount of graphite. The electrochemical
half-reaction for the peak labelled A corresponds to the transi-
tion to stage 4 (LiCs6) from stage 8 (LiC;,), and is described by

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) Cyclic voltammogram of the carbon/Li electrochemical cell
depicting lithiation as a function of potential at 2 pV s~ (B) Specific
capacity during the cycling of the cell as a function of cell potential.
The peaks labelled A, B, C, D, E, and F are described in the text.

. 3. 3 .
A LI%C6+—L1++—67‘_—\L1%C67 E=189 mV. (4)

36 36

Similarly, the peak labelled B corresponds to the formation
of stage 3 (LiC,;), and is described by

. 2. 2 .
B: LigCs+ —Li" 4+ —e” =LiyCs,

= 3 E=137 mV. (5)

The shoulder labelled C at 116 mV suggests the transition to
stage 2L (LiCyg), and is described by

. 4 . 4 .
C: LigCs+ —Li" + —e” =LipCs,

% - E=116 mV. (6)

The peak labelled D corresponds to the formation of stage 2
(LiCyy), and is described by

. 6 . 6 _ .
D: LipCs + %Lﬁ 36 =LiyCs,

and finally the peak labelled E is the transition to stage 1 (LiCs),
and is described by

E=8 mV, (7)

This journal is © The Royal Society of Chemistry 2018
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. 18 . 18 .
E: LigCs+ —Li" +—e = LixCe,

%6 36 E=47mV. (8)

The transition to form stage 8 (LiC;,), also known as dilute
stage 1, has no evident peak in the CV. Peak F at near 15 mV will
be discussed later in the text.

Fig. 3B shows the cell's specific capacity as a function of cell
potential. The plot was obtained by integrating the currents in
the CVs as a function of potential and normalizing them to the
sweep rate. Even though the first cycle achieved a specific
capacity of 353 mA h g~ * during lithiation, which is higher than
the reported value from the manufacturer of 345 mA h g™, the
delithiation capacity for the cycle was 286.5 mA h g™, giving an
irreversible capacity of 66.5 mA h g™ *. Specific capacities of 332
and 335 mA h g~ " were attained for the second and third lith-
iation of the cell, with smaller irreversible capacities of 13.2 and
10.8 mA h g™, respectively. This trend was expected as it has
been previously shown that the SEI is primarily formed during
the first cycle of the cell, but small amounts continue to form
during the subsequent cycles.”**°

3.2 Conventional NMR spectrum

Before discussing the dOp spectrum we first review the spectral
features of the conventional operando “Li NMR spectrum as
a function of operando time or cell potential. The operando “Li
NMR spectrum for the second cycle is shown in Fig. 4. The
operando “Li NMR spectrum for all three cycles is given in the
ESL.f The corresponding potential at which lithiation and
delithiation occur is shown on the left vertical axis of Fig. 4
along with the corresponding cyclic voltammogram. The sharp
“Li NMR resonances due to the electrolyte and SEI resonances
near ¢ = 0 ppm remain relatively constant at all operando times.

The signal intensity at 274 ppm from lithium metal arises
from sites inside a skin depth of 12.3 um even though the
lithium electrode thickness is 0.3 mm. As shown earlier'®*! with
the growth of lithium dendrites during the delithiation process
on each cycle there is a dramatic increase in signal intensity as
the lithium dendrites can be fully penetrated by the radio
frequency of the NMR. Due to the fact that no dendrites are
present during lithiation on the first cycle, no changes in the
metallic lithium signal intensity are observed (see Fig. S1 of
ESIT). The noticeable drop in lithium metal signal intensity at
top = 280 h (E,p, = 74 mV) corresponds to the complete removal
of deposited lithium dendrites on the counter electrode during
lithiation of the graphite. Conversely, the reappearance of
lithium dendrite resonance during the delithiation of carbon in
the 2nd cycle occurs at approximately f,, = 310 h
(Eop = 152 mV).

At the beginning of the second cycle—the bottom of Fig. 4—
between t,, = 193 h (E,, = 700 mV) and t,, = 225 h
(Eop = 470 mV), we observe a broad featureless resonance of low
intensity spanning a range of negative (diamagnetic) shifts from
0 = —70 ppm to 0 ppm that progressively narrows while shifting
towards 0 ppm during lithiation. On delithiation this peak
reappears at t,, = 365 h (E,, = 549 mV), broadening and
moving to more negative (diamagnetic) shifts until the end of

J. Mater. Chem. A, 2018, 6, 231-243 | 235



Journal of Materials Chemistry A

Paper

Lio LiC,, LiC,, SE
700 A W | ! : :
_ | : I | I~ 380
600 - : ! o AL
500 1 : satelites | | [ 360
| ! | | -
400 - : I | S
1 I : I I =|r 340
I J I I <
300 A ! ! - =1l
> h I J I I = | N
£ 200 A : ; | 2 320
I— : v (|® S
i 100 7 | : | | | -~
5 i , o 300 @
n 5 | - W :_ N A . . 1 =
= : . | o
S 100 : : | 4| 280 2
C | : | | o L
8 200 : B ]
e : - A | %05
300 1 ] & S
| . ! | ®| 240
400 A : ! | . =
T I : | I = i
500 1 ! | - 220
600 ety |
T : | [ — 200
700 | I I I T |l AR BECEL UL MR L RN L B DL IIl LI BN TR |
0.45 0 -0.45 300 200 100 0 -100
Current / mA Frequency / ppm Min M ax

Fig. 4 A color intensity plot of the operando ’Li NMR spectra of the second cycle of the electrochemical cell. Light colors represent low peak
intensities and darker colors represent higher peak intensities. The horizontal axis shows the NMR frequency shift in ppm with referenceto 1 M
LiCL The vertical axis shows the operando time for the second cycle of the cell. The horizontal blue (dashed) line represents the time at which the
current polarity is switched. On the left is the corresponding cyclic voltammogram. Peaks labelled A, B, C, D, and E represent the formation of
LiCsg, LICy7, LiCyg, LiCyp, and LiCg respectively as shown in eqn (4), (5), (6), (7), and (8), respectively.

the cycle at ¢,, = 386 h (E,, = 700 mV). This broad resonance
does not appear as mentioned in previous work. The assign-
ment of this resonance is discussed in Section 3.3.

Between t,, = 222 h (E,, = 490 mV) and ¢,, = 234 h
(Eop = 400 mV) a boost in the signal intensity around —2.5 ppm
to —1 ppm is observed in a region also associated with the
electrolyte and SEI resonances and appears with maximum
intensity around t,, = 226 h (E,, = 460 mV). On delithiation
this peak appears at t,, = 341 h (E,, = 376 mV) and lasts until
top = 361 h (E,, = 520 mV). This resonance was tentatively
assigned to the gas-like stage, LiC,,, by Chevallier et al.'® In
contrast to this previous work,® we observe no discernible
quadrupolar satellite transition singularities in the line shape
of this phase, although the sensitivity of our NMR spectrum
may not be sufficient to observe these low lying intensities.

After the formation of LiC;,, between ¢,, = 226 h
(Eop = 460 mV) and t,,, = 263 h (E,, = 196 mV), the intercalated
lithium resonances continue to move to more positive shifts
while approximately doubling in line width from a fwhm of
10 ppm to 20 ppm. On delithiation these resonances appear at

top = 321 h (E,p = 232 mV) and last until ¢, = 345 h

236 | J Mater. Chem. A, 2018, 6, 231-243

(Eop = 405 mV). As with the LiC;, we observe no discernible
quadrupolar satellite transition singularities in the line shape
of these resonances.

The “Li NMR resonance of the first dilute stage of lithiated
graphite, LiC;6, begins appearing at ¢, = 263 h (Eop = 196 mV)
near 6 = 1 ppm with quadrupolar satellite transition singular-
ities flanking at +9 kHz (£58 ppm). The appearance of this
resonance coincides with the appearance of peak A in the CV on
the left of the spectrum. This intercalated lithium resonance
continues to move to more positive shifts from 1 to about 6 ppm
while maintaining the same quadrupolar splitting until the
resonance becomes obscured by its disappearance and the
growth of the overlapping resonance from LiC,; at t,, = 271 h
(Eop = 137 mV) and 6 ppm with quadrupolar satellite transition
singularities flanking at +9 kHz (+58 ppm).

The dense stages 1 and 2 appear with the strongest intensity
at 6 = —50 ppm to 120 ppm between E,, = 74 mV (t,, = 280 h)
and ¢, = 310 h (Eop = 152 mV). The resonances for the two "Li
satellite transitions of stages 4 through 1 have characteristic
quadrupolar powder pattern line shapes associated with ny = 0.
The two perpendicular powder pattern singularities are

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (A) Electrochemical current CV (black dashed line) and the

“"dOp-NMR cyclic voltammogram” (red line) taken from the projection
of the “Li dOp-NMR signal across the lithium metal for the second
cycle of the carbon/Li electrochemical cell. (B) Comparison of the
dOp-NMR CV taken from the projection of the “Li dOp-NMR signal
across the lithium metal (red dashed line) and the projection of the Li—
GICs (purple line) to the electrochemical CV. (C) Comparison of the
dOp NMR CV and the electrochemical CV in the region between 700
and 300 mV depicting the formation of LiC;, and precursors. The
peaks labelled A, B, D, and E were previously described in the text.

observed at frequencies that flank the central transition at +8
kHz to +11 kHz depending on the site.

3.3 dOp NMR spectrum

Fig. 5 and 7 show the dOp “Li NMR spectrum split into two parts
for the late and early stages of lithiation, respectively. The dOp
NMR spectrum is obtained by taking the first derivative of the
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conventional two-dimensional NMR spectrum with respect to
top as described in Section 2.2.2. Positive derivative intensities
are shown in green and represent the formation of lithium
species (henceforth called formation peaks) whereas negative
derivative intensities are shown in red and represent the
removal of lithium species (henceforth called removal peaks).
As noted earlier the signal at 274 ppm arises from the lithium
metal. In stark contrast to the conventional NMR spectrum in
Fig. 4 we clearly see in the dOp NMR spectrum of Fig. 5 the high
rate of removal of lithium metal during lithiation as the intense
red resonance region from t,, = 250 h (E,, = 300 mV) to
top = 290 h (E,, = 5 mV) and the strong rate of formation of
lithium metal during delithiation as the intense green reso-
nance region from ., = 290 h (E,, = 5 mV) to t,, = 326 h
(Eop = 268 mV). The intensity of the lithium signal (rate of
dendrite removal) behaves in a manner completely analogous to
a CV with the lithium metal NMR derivative intensity correlated
with electrochemical current as shown in Fig. 6A (vide infra).
Similarly, the "Li dOp NMR resonances assigned to the forma-
tion and removal of the intercalated graphite stages are clearly
visible as the green and red resonances in the region from
—50 ppm to 150 ppm. As expected, the formation peaks of the
GIC are correlated with the removal peaks of the lithium metal
and vice versa. Compared to the conventional NMR spectrum,
however, the dOp spectrum reveals considerably more details
about the chemistry of the lithiation and delithiation processes
as we describe in further detail below.

3.3.1 Li metal resonance. In the case of the lithium metal
resonance it is important to remember, as noted earlier with the
conventional NMR signal, that its intensity arises primarily
from the dendritic structures. Thus the lithium metal dOp
signal narrows dramatically at ¢,, = 287 h (E,, = 23 mV) and
completely disappears from the spectrum at f,, = 291 h
(Eop = 16 mV), indicating that the lithium electrode has run out
of dendrites. At this point the cell continues to consume lithium
from the skin of the metal electrode, but because of rf skin
depth effects the conventional lithium metal NMR signal
experiences no changes in intensity and thus vanishes from the
dOp NMR spectrum. During delithiation the dOp signal of the
lithium metal reappears as dendrites are formed at ¢,, = 304 h
(Eop = 105 mV) and persists as dendrites continue to form until
top =326 h (Eop =268 mV).

Presuming that the concentration of each lithium species in
the cell is proportional to the NMR signal intensity in the
conventional NMR spectrum, then the change in the NMR
signal as a function of time is correlated with the electro-
chemical current measured at each operando time/potential. If
we take the projection of the dOp spectra in the frequency range
between 200 ppm and 350 ppm and plot it in a cyclic manner we
obtain the “dOp-NMR Cyclic Voltammogram” shown in Fig. 6A.
The reaction rates along the vertical axis of both the dOp-NMR
CV and electrochemical current CV were normalized for better
comparison. During lithiation of carbon, we see excellent
agreement between the CV and the dOp-NMR CV of the lithium
metal until about 50 mV where dendrites start to deplete and
the dOp NMR signal dies. Similarly at the beginning of deli-
thiation, mossy like structures grow on the surface of the
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lithium metal electrode that do not get fully penetrated by the
NMR radio frequency like dendrites, and result in a weaker
signal in the dOp NMR spectrum than that observed in the CV.
Overall, the dOp NMR spectrum shows a strong correlation with
the electrochemical currents implying that for every electron
transferred from the system, a lithium ion is removed from the
counter electrode. The numbers in circles in the metal signal in
the schematic on the right of Fig. 5 correspond to the numerator
of the lithium ion fraction in the corresponding half-reaction.
These numbers roughly correspond to the area of the dOp
lithium metal resonance in the region correlated with each half-
reaction.

3.3.2 Lithiation of dilute stages. Next we shift our focus to
the dilute stages, LiCzs, LiC,7, and LiC;s, whose formation
appears in the dOp NMR spectrum between ¢,, = 264 h
(Eop =189 mV) and t,, = 275 h (E,p, = 112 mV) and are labelled A,
B, and C, respectively, and the removal appears in the dOp NMR
spectrum between ¢, = 310 h (E,, = 153 mV) and ¢,, = 323 h
(Eop = 246 mV) in Fig. 5. On the right of Fig. 5 we also include
a schematic diagram to illustrate the overlap of formation and
removal peaks to aid in the discussion that follows.

LiCs6. Fig. 5 clearly shows a formation peak labelled A around
0 = 4 ppm at t,, = 264 h (E,, = 189 mV). This peak correlates
with the cathodic peak labelled A in the electrochemical vol-
tammogram and is assigned to the formation of LiC3s which is
described by eqn (4). Formation peak A is also more clearly seen
in the dOp NMR spectrum to be flanked on both sides by two
peaks appearing at 6 = 4 £+ 60 ppm due to the satellite transi-
tions of "Li, a spin I = 3/2 nucleus. Associated with this forma-
tion peak is a corresponding removal peak (red) at 6 = 274 ppm
from lithium dendrite removal. Removal of the previous phase
LiC5, is also observed by a faint removal peak at 0 ppm. In the
schematic diagram on the right of Fig. 5 we indicate the LiCzg
(green) formation peak with a green central transition line and
its two satellites along with a corresponding lithium dendrite
(red) removal peak. In the schematic on the right of Fig. 5 the
satellite areas are made transparent to match their lower peak
intensity compared to the central transition line. This process of
formation of LiC;¢ will be further discussed in Section 3.3.5.

LiC,,. The formation peak labelled B at 6 = 10 ppm and
top = 270-272 h (E,, = 150-137 mV) in the dOp NMR spectrum
in Fig. 5 correlates with the formation of the cathodic peak
labelled B in the electrochemical voltammogram. This peak is
assigned to the formation of LiC,, associated with the half-
reaction of eqn (5). This formation peak is also flanked on both
sides by two formation peaks appearing at 6 = 10 + 60 ppm due
to the satellite transitions. Homologous removal peaks for LiCze
at 10 ppm and lithium dendrites at 6 = 274 ppm are also
observed. Note that the corresponding removal peak of lithium
dendrite drops in intensity compared to the previous reaction,
which is consistent with the reduction of the stoichiometric
coefficient of Li" by 1/3 from the half reaction A to B.

LiC;s The strong formation peak labelled C at 15 ppm and
top = 274 h (Ep = 117 mV) in the dOp NMR spectrum correlates
with the formation of the cathodic peak labelled C in the elec-
trochemical voltammogram. As previously mentioned, the
electrochemical voltammogram shows LiC;g as a shoulder

This journal is © The Royal Society of Chemistry 2018

Journal of Materials Chemistry A

(peak C) during the formation of LiC,,. Therefore, this dOp
peak is assigned to the formation of LiC,5 as part of the half-
reaction of eqn (6). Associated with this half-reaction is the
removal peak of LiC,; at 6 = 10 ppm for its central transition.
Again, the power of the dOp approach is apparent considering
that the transition from LiC;4 to LiC,g is not discernible in the
conventional NMR spectrum in Section 3.2. The higher inten-
sity of the removal peak for LiC,, in the dOp spectrum is due to
the higher lithium concentration of the phase compared to the
former phases. LiC;g also shows two satellite transition peaks
appearing at 6 = 15 =+ 60 ppm. During its formation the lithium
dendrite removal peak does not show a well-defined area due to
the low electrochemical resolution between this phase and the
next (LiCy,).

3.3.3 Lithiation of dense stages

LiC;,. Fig. 5 also shows the dOp NMR spectrum of the dense
stages of lithiation LiC;, and LiCe. These phases are seen in the
conventional NMR spectrum (Section 3.2) by a broad, strong
signal at 6 = 45 ppm with two perpendicular powder pattern
singularities at frequencies that flank the central transition at
+8 to +11 kHz depending on the site. The dOp spectrum, in
contrast, shows well resolved areas for both phases. Accumu-
lation of LiC;, is visible as a strong formation peak at
top =275 h (Eop = 112 mV) at § =~ 48.3 + 48 ppm, and as seen in
eqn (7), results from further lithiation of graphite as lithium
metal and LiC;g are removed. The LiC;g removal peaks for the
central and one of the satellite transitions occur at 15 ppm and
—50 ppm, respectively. The dOp intensity of lithium dendrites
decreased (intense red) drastically due to the faster rates of
removal of lithium to form LiCy,. This transition is depicted in
the CV by a broad reduction peak at E,, = 85 mV labelled D. Due
to the higher NMR shift and similar quadrupolar frequencies of
this phase compared to those of the dilute stages, it is easier to
discern the formation of the LiC,, central transition and both
satellites as the previous LiC;g phase (peak C) is removed. This
behavior is illustrated in the schematic diagram on the right of
Fig. 5, where the satellite at 6 = 0 ppm from LiCy, (peak D)
grows at an NMR shift that is between the central and right
satellite removal peaks of C.

LiCs. As lithiation continues LiC¢ is formed according to
eqn (8) and peak E appears at 6 = 42 ppm and t,, = 281 h
(Eop = 66 mV) in the dOp spectrum. Due to the close proximity
of the central transitions of LiCs and LiC;, there is strong
overlap of their corresponding formation and removal peaks,
respectively, making the central transition of the LiC¢ in the
dOp spectrum appear narrower and lower in intensity than ex-
pected based on the stoichiometry. The strong growth of LiCg is,
however, observed in the dOp spectrum at both its flanking
satellite transition formation peaks at 110 ppm and —26 ppm
while a red peak at 0 ppm confirms the removal of the right
satellite LiC;,. The formation of LiCq is observed until
top = 296 h (E,, = 51 mV). In this potential range thermody-
namics still favors the Li reduction even though the cell is being
swept in the opposite (oxidation) direction as the potential is
not sufficiently positive to oxidize (or delithiate) Li from the
carbon structure due to the irreversible nature of the chemical
reaction. In other words, at potentials where Li insertion is
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favorable, and if the underlying carbon is not fully lithiated to
100%, Li will continue to move into the carbon structure and
form LiC at these potentials regardless of the direction of the
potential sweep. Since the lithium electrode has run out of
dendrites at this stage an expected lithium metal removal peak
at 0 = 274 ppm correlated with LiCs formation is not observed.

Lithium naphthalenide. At the end of lithiation a cathodic
peak at t,, = 288.5 h (E,, = 15 mV), labelled F, is noted in the
CV. It has been previously reported that at these negative
potentials Li-Li clusters contained in the structure LiC, can be
formed as well as the formation of lithium naphthalenide by the
bonding of lithium atoms to the edging carbons of the graphene
sheets in MCMB.*"** The formation of Li-Li clusters is charac-
terized by an NMR shift close to that of metallic lithium due to
the strong metallic character of the Li-Li bond. Our experi-
ments do not reveal such an NMR shift and therefore, we can

Paper

infer that the cathodic peak in the CV may be related to the
formation of the ionic complex lithium naphthalenide. This
compound has no discernible quadrupolar satellite transition
singularities in the line shape and has been previously
explained by Chevallier et al.*® to form as the formation of LiCy,
starts. Although there is an NMR signature for lithium naph-
thalenide present in the conventional NMR spectrum, there is
no clear evidence of such a signature in the dOp spectrum due
to the overlapping NMR shift for the delithiation of LiC;g. The
formation of this compound can be inferred by the smaller
removal peak width of the LiC,, satellite at 0 ppm, contrary to
what has been illustrated in the schematic of Fig. 5.

3.3.4 Delithiation of dense and dilute stages. The dOp
NMR spectrum in Fig. 5 also shows the delithiation process of
the dense to dilute stages of carbon lithiation with more details
compared to the conventional NMR spectrum. At t,, = 290 h
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Fig.7 Onthe leftis the cyclic voltammogram of the second cycle of the cell and on the right is the corresponding bicolor dOp NMR spectrum as
a function of time in the potential range between 700 and 200 mV during lithiation and delithiation.
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(Eop = 5 mV) the current polarity is reversed and delithiation
begins. From t,, = 295 h (Eop, = 45 mV) to f,, = 303 h
(Eop = 102 mV) the signal from LiCg is seen to have a mixture of
both positive and negative intensities due to a change in the
phasing of the spectrum, however, the net dOp NMR signal aver-
ages to zero in this time/NMR shift range. At #,, = 303 h
(Eop = 102 mV) intense removal peaks are observed at § =~ 45 &
70 ppm indicating the delithiation of LiCs while a green peak
appears at approximately —10 ppm for the formation of the right
satellite LiC;,. Similarly, a strong formation peak is observed at
274 ppm for the deposition of lithium dendrites.

Further delithiation results in a formation peak at approxi-
mately 15 ppm at ¢,,, = 310 h (E,p, = 152 mV) for the evolution of
the LiC;g central transition as well as at 274 ppm for the
deposition of more dendritic lithium. It is important to note
that on delithiation, the peaks for LiC,, and LiC;g cannot be
distinguished in the dOp spectrum due to the fast rates of
delithiation of the carbon electrode. However, our potential
window experiments have shown that the oxidation peak that
appears as a shoulder during the delithiation of LiC, in the CV
at top = 317 h (Ep = 205 mV) corresponds to the delithiation of
LiC,; and the oxidation peak for the delithiation of LiC;g is
buried underneath the removal peak of LiCj,.

The removal peak around ¢ = 4 ppm for LiC;¢ during deli-
thiation appears at t,, = 321 h (E,p, = 232 mV), while formation
peaks are observed at 274 and 0 ppm representative of dendrite
and LiC,, formation, respectively. This transition is correlated
with the oxidation peak seen in the electrochemical voltam-
mogram at 230 mV.

3.3.5 Lithiation of gas-like stages

Precursors to LiC,,. Fig. 7 shows the dOp spectrum of the
lithiation processes occurring at potentials between 700 and
~200 mV—where the formation of LiC3s occurs—and the deli-
thiation processes occurring between ~200 mV and the end of
the cycle at 700 mV.

At the beginning of the cycle at ¢, = 193 h (E,, = 700 mV)
and up to about ¢,, = 230 h (E,, = 430 mV) the conventional
NMR spectrum in Fig. 4 shows a broad area of negative shifts
that continuously narrows while shifting more positively. The
dOp NMR spectrum in Fig. 7, in contrast, shows the appearance
of a sharp formation peak with shifts between 0 and —15 ppm
while broad, low intensity red peaks with negative (diamag-
netic) shifts disappear. These negatively shifted peaks are
observed to progressively narrow while shifting towards 0 ppm
during lithiation, indicating the formation of GICs in stages
higher than 8, which we call “precursors” for simplicity.

xC + Li* + ¢~ = LiC,, x > 72. 9)

The broad NMR line shape of these precursors indicates
a distribution of NMR signals arising from the different lithium
environments that conform to the precursors.

Theoretical and computational calculations
that the band structure of graphite changes from a narrow band
semiconductor to a conductor when lithium ions intercalate
into the graphene sheets due to the injection of electrons from
the external circuit that are delocalized within the graphene

3335 have shown
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layers. The magnetization of free conduction electrons on these
layers results in an enhancement of the magnetic field experi-
enced by the lithium nuclei, explaining the 'Li NMR Knight
shifts observed for the GICs with stages lower than 4.° The
diamagnetic shifts observed for the Li-GIC precursors suggest
that at this stage during lithiation not enough electrons have
been injected into the graphene layers to make them conduct-
ing and therefore, no Knight shifts are observed in the "Li NMR
of the Li-GIC precursors.

LiC;,. Between to, = 215 h (E,, = 542 mV) and ¢, = 234 h
(Eop = 400 mV) the intensity of a formation peak at around —2.5
to —1 ppm, tentatively assigned to LiC,, by Chevallier et al.,*
intensifies while the broad diamagnetic removal peaks narrow
and shift to more positive values. This formation peak is
observed to reach maximum intensity at ¢,, = 225 h
(Eop = 470 mV). No discernible quadrupolar satellite transition
singularities are observed in the line shape of this formation
peak. Assuming that the total lithium transferred to the system
up to this potential (E,, = 470 mV) is used to form Li-GICs then
the total charge and moles of lithium calculated result in a Li-C
stoichiometry of LiCey, which is close to that of stage 8 LiC,.
Thus, we confirm the assignment of this unknown formation
peak to LiC,.

Pre-dilute stages. After the formation of LiC, at ,, = 225 h
(Eop = 470 mV) its corresponding formation peak continues to
move towards more positive shifts as it broadens and disappears
from ¢,, = 237 h (Eop = 383 mV) to fop, = 260 h (E,p, = 218 mV).
Similarly, the loss of LiC,, is seen by the red removal peak at
around 0 ppm from ¢, = 225 h (Eop = 470 mV) to top, = 260 h (Ep,
= 218 mV) where the formation peak of LiC3s becomes visible.
The broadening in the line shape might be due to a continuous
lithium packing into the graphene layers, resulting in broad, low
intensity NMR peaks that continuously shift from 1 ppm to
6.3 ppm from the distribution of phases occurring during this
transition. No discernible quadrupolar satellite transition
singularities are observed in the line shape of these phases. On
the basis of these results we write the electrochemical half-
reactions during lithiation of the GICs for the precursors as

xC + Li* +e” = LiC,, x> 72, E> 470 mV, (10)
followed by the formation of LiC;, as
LiC, + nLi" + ne~ = LiCyp,, E = 470 mV, (11)

and proceeding up to stage 4 as
LiCs, + Li" + e~ = LiC,, 72 > y > 36,470 mV > E > 189 mV,
and

LiC, + Li* + ¢~ = LiCs, E = 189 mV. (12)

3.3.6 Delithiation of gas-like stages. The upper section of
Fig. 7 shows the dOp NMR spectrum of the delithiation process
from LiCj6 to the end of the cycle. The first evidence of the
delithiation of LiC;4 occurs at t,, = 341 h (E,, = 376 mV), where
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a green signal at 6 = 0 ppm and a faint red signal at 6 = 10 ppm
are observed. This transformation lasts until #,, = 361 h
(Eop = 520 mV), where the formation of the precursors is then
observed as LiC,, is removed, indicating that both of these
transitions are reversible processes.

3.3.7 dOp NMR vs. electrochemical CVs. As described in
Section 3.3.1, we similarly take the projection over the GIC
resonances of the dOp spectra in the frequency range between
160 to —200 ppm and plot it in a cyclic fashion to obtain the
“dOp-NMR Cyclic Voltammogram”. Fig. 6B shows the overlay of
the dOp NMR CV of the GICs and lithium metal, and the elec-
trochemical CV. The electrochemical current was normalized
and the negative derivative, due to the formation of lithiated
GIC species from the dOp NMR projection, was assigned to the
cathodic currents. A direct correlation of the peak potentials
suggests that there is no delay in the NMR response to the
current perturbation at the sweep rate measured. Fig. 6C shows
the overlay of the dOp NMR CV of the GICs and the electro-
chemical CV in the region between 700 and 300 mV. The elec-
trochemical CV shows an increasing capacitance due to changes
in the dielectric of the carbon as lithium is intercalated into the
bulk, however, the dOp NMR CV of the GICs clearly shows the
formation and removal of the precursors and LiC5,.

Although the dOp NMR CV of the GICs shows similar
behavior for both the electrochemical current CV and the
lithium metal dOp NMR CV, there are minor discrepancies
among the relative intensities of the GIC CV peaks A, B, C, D,
and E. The lower relative intensity of the GIC CV peaks A and B
compared to the corresponding electrochemical current CV and
the lithium metal dOp NMR CV peaks arises from the longer
GIC relaxation times of A and B, and the subsequent lower
fraction of transverse magnetization excited, as noted in Table
1. On the other hand, the GIC CV peak for D, with its shorter
relaxation time, is reasonably close to the corresponding elec-
trochemical current CV and the lithium metal dOp NMR CV
peaks for D. Based on stoichiometry one would expect a lower
intensity for D in all CVs. The apparent boost in D intensity is
attributed to broader CV peaks of C and E which extend under
the CV peak of D. This is more clearly visible in the 2D dOp NMR
spectrum in Fig. 5 which shows that LiC;, (peak D) begins
forming at ¢, = 275 h (E,, = 112 mV), where the previous phase
LiCyg (peak C) is still forming. Additionally, the formation of
LiCs (peak E) is seen to begin at ¢,, = 281 h (E,, = 66 mV) while
LiCy, is still being formed. Both of these overlapping forma-
tions result in a higher CV intensity for D due to possible
inhomogeneity of the cell voltage within the electrode.

A direct comparison of the relative intensities or areas of the
dOp NMR CV of the lithium metal to the GICs in Fig. 6B is
complicated by a number of factors. The first is that the central
transition equilibrium magnetization of the lithium metal is
a factor of § + 1/2 = 2 times smaller than the full nuclear
magnetization of the lithium in the GIC. The second is that the
excitation pulse length used in these experiments corresponds to
a 26° rotation of the central transition magnetization of the
lithium metal and a 13° rotation of the full nuclear magnetization
of the lithium in the GIC—giving approximately a factor of two
better excitation efficiency for the lithium metal. Finally, the
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significantly shorter 7; of lithium metal leads to it having an ~3
times greater fraction of steady-state transverse magnetization
than the GICs. The first two factors effectively cancel each other
and the last factor, predicting the lithium metal signal area to be
~3 times greater than the GIC signal areas, is not what is observed.
The most likely explanation is that two thirds of the expected
lithium metal dOp signal is not observed due to skin depth effects.

Finally, we note that unrelated but another potential source
of intensity error in the NMR can arise from drifts in the receiver
phase during the operando experiment. Possible remedies for
this source of error could include (1) auto tuning the probe
during the acquisition,* (2) employing post-acquisition auto-
phasing the spectra, or (3) in the case of spin I < 3/2, like "Li,
the use of a total echo experiment® to eliminate dead time
issues.

4 Conclusions

Although operando “Li NMR is a powerful technique for
probing the changes that occur in the carbon electrode as it gets
intercalated and deintercalated with lithium, the spectra often
suffer from poor resolution due to a number of overlapping
resonances. We have shown that a simple signal processing
method of analyzing the operando NMR signal by taking the
derivative of the signal with respect to the operando time,
referred to as dOp NMR (derivative operando NMR), results in
significantly more detailed information about the changes that
occur during the cycling of the cell. By using this method we
have identified the formation and removal of six stages of
lithium intercalation and deintercalation from LiC,, to LiCg
and back. In addition, the dOp NMR method allows for the
detection of additional gas like stages of Li in graphite, which
were previously not observed experimentally. In this work, using
slow rates of potential perturbation at 2 pv s™*, we have iden-
tified the electrochemical potentials at which LiC,, is formed
from gas like Li precursors.

A partial projection over specific regions of the dOp NMR
spectrum as a function of the operando time or voltage can be
presented in a cyclic fashion what is termed a dOp NMR CV.
Through the dOp NMR CV method we have found that the rates
of formation and removal of lithium dendrites "Li resonances
closely follow the electrochemical current as long as dendrites
are present in the cell. Similarly, the rates of formation and
removal of “Li resonances associated with the lithium interca-
lated graphite also follow the electrochemical current flow with
slight deviations due to an experimental artifact from incom-
plete “Li relaxation of Li stages as well as possible inhomoge-
neity of the cell voltage within the electrode in the
electrochemical reactions after stage 3.

The dOp methodology could be applied to other operando
analyses such as in situ XRD or in situ IR or Raman spectroscopy,
where time independent processes can be removed to enhance
the signals of relevant time dependent chemical transitions.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2018



Paper

Acknowledgements

This material is based upon work supported in part by the
National Science Foundation under Seed Grant NSF-DMR-
1420451. JLLL acknowledges the support of the GAANN
fellowship from the Department of Education (P200A150267)
and the Ohio State Department of Chemistry and Biochemistry.

References

1 T. Christen and M. W. Carlen, J. Power Sources, 2000, 91, 210-
216.
2 J.-M. Tarascon and M. Armand, Nature, 2001, 414, 359-367.
3 B. Scrosati, J. Hassoun and Y.-K. Sun, Energy Environ. Sci.,
2011, 4, 3287-3295.
4 B. Y. Liaw and R. Kostecki, Electrochem. Soc. Interface, 2011,
20, 41-42.
5 J. R. Dahn, Phys. Rev. B: Condens. Matter Mater. Phys., 1991,
44, 9170-9177.
6 J. N. Reimers and J. R. Dahn, J. Electrochem. Soc., 1992, 139,
2091-2097.
7 T. Ohzuku, J. Electrochem. Soc., 1993, 140, 2490.
8 L. Y. Beaulieu, S. D. Beattie, T. D. Hatchard and J. R. Dahn,
J. Electrochem. Soc., 2003, 150, A419.
9 S. Whitney, S. R. Biegalski, Y. H. Huang
J. B. Goodenough, J. Electrochem. Soc., 2009, 156, A886.
10 R. Downing, G. Lamaze, J. Langland and S. Hwang, /. Res.
Natl. Inst. Stand. Technol., 1993, 98, 109.
11 D. X. Liu, L. R. Cao and A. C. Co, Chem. Mater., 2016, 28, 556—
563.
12 D. X. Liu and A. C. Co, J. Am. Chem. Soc., 2016, 138, 231-238.
13 D. X. Liu, J. Wang, K. Pan, J. Qiu, M. Canova, L. R. Cao and
A. C. Co, Angew. Chem., Int. Ed., 2014, 53, 9498-9502.
14 R. E. Gerald, J. Sanchez, C. S. Johnson, R. J. Klingler and
J. W. Rathke, J. Phys.: Condens. Matter, 2001, 13, 8269-8285.
15 M. Letellier, F. Chevallier and F. Béguin, J. Phys. Chem.
Solids, 2006, 67, 1228-1232.
16 F. Chevallier, F. Poli, B. Montigny and M. Letellier, Carbon,
2013, 61, 140-153.
17 R. Bhattacharyya, B. Key, H. Chen, A. S. Best,
A. F. Hollenkamp and C. P. Grey, Nat. Mater., 2010, 9, 504—
510.

and

This journal is © The Royal Society of Chemistry 2018

Journal of Materials Chemistry A

18 S. A. Krachkovskiy, J. D. Bazak, P. Werhun, B. J. Balcom,
I. C. Halalay and G. R. Goward, J. Am. Chem. Soc., 2016,
138, 7992-7999.

19 H. J. Chang, A. J. Ilott, N. M. Trease, M. Mohammadi,
A. Jerschow and C. P. Grey, J. Am. Chem. Soc., 2015, 137,
15209-15216.

20 J.-M. Tarascon, A. Gozdz, C. Schmutz, F. Shokoohi and
P. Warren, Solid State Ionics, 1996, 86-88, 49-54.

21 M. Letellier, F. Chevallier and M. Morcrette, Carbon, 2007,
45, 1025-1034.

22 J. L. Markley, W. J. Horsley and M. P. Klein, J. Chem. Phys.,
1971, 55, 3604-3605.

23 P.]. Grandinetti, J. T. Ash and N. M. Trease, Prog. Nucl. Magn.
Reson. Spectrosc., 2011, 59, 121-196.

24 C. P. Slichter, Principles of Magnetic Resonance, Springer-
Verlag, Berlin, 1980.

25 A. J. Ilott, S. Chandrashekar, A. Klockner, H. J. Chang,
N. M. Trease, C. P. Grey, L. Greengard and A. Jerschow, J.
Magn. Reson., 2014, 245, 143-149.

26 R. R. Ernst, Rev. Sci. Instrum., 1966, 37, 93.

27 RMN 1.1, PhySy Ltd., 2017.

28 M. D. Levi and D. Aurbach, J. Electroanal. Chem., 1997, 421,
79-88.

29 A. J. Smith, J. C. Burns, X. Zhao, D. Xiong and J. R. Dahn,
J. Electrochem. Soc., 2011, 158, A447.

30 M. A. McArthur, S. Trussler and J. R. Dahn, J. Electrochem.
Soc., 2012, 159, A198-A207.

31 M. Hara, A. Satoh, N. Takami and T. Ohsaki, J. Phys. Chem.,
1995, 99, 16338-16343.

32 K. Tatsumi, J. Electrochem. Soc., 1996, 143, 1923.

33 N. M. Caffrey, L. I. Johansson, C. Xia, R. Armiento,
I. A. Abrikosov and C. Jacobi, Phys. Rev. B, 2016, 93, 195421.

34 ]J.-C. Charlier, X. Gonze and J.-P. Michenaud, Europhys. Lett.,
1994, 28, 403-408.

35 K. R. Kganyago and P. E. Ngoepe, Phys. Rev. B: Condens.
Matter Mater. Phys., 2003, 68, 205111.

36 G. Volpilhac and J. Hoarau, Synth. Met., 1981, 4, 77-79.

37 O. Pecher, D. M. Halat, J. Lee, Z. Liu, K. J. Griffith, M. Braun
and C. P. Grey, J. Magn. Reson., 2017, 275, 127-136.

38 B. J. Walder, K. K. Dey, M. C. Davis, J. H. Baltisberger and
P. ]J. Grandinetti, /. Chem. Phys., 2015, 142, 014201.

J. Mater. Chem. A, 2018, 6, 231-243 | 243



Supplement: Enhancing the Real-Time Detection of Phase Changes in
Lithium-Graphite Intercalated Compounds Through Derivative Operando
(dOp) NMR Cyclic Voltammetry

Jose L. Lorie Lopez', Philip J. Grandinetti"", and Anne C. Co""

'Department of Chemistry and Biochemistry, The Ohio State University
*Corresponding authors

November 6, 2017

S1



S1 Calculation of lithium concentration and Li-C stoichiometry

From Figure 6 in the main text, the maximum intensity of the peak near 0 ppm was observed at F,, ~ 477 mV for the
second and third cycles of the cell. The first cycle was not used to shift the peak potentials due to the pasivation of the
electrodes. From Figure 3B, the integrated charge transferred to the system up to this potential was calculated to be
Qop ~ 0.351 C and Qop =~ 0.343 C for the second cycle and third cycle, respectively.

The amount of lithium ions being transferred were calculated using the following equation:

L Q

Lit) = %, (1)

where Q is the charge in Coulombs and F is Faraday’s constant. The resulting lithium ion concentration resulted in

[Lit] = 3.637858 x 1076 mol and [Li*] = 3.554945 x 10~5 mol for the second and third cycles respectively. Knowing that

the amount of carbon in the electrode was 18.06 mg, the corresponding moles of Cg was [Cg] = 1.80338 x 1076 mol. The

ratios of Lit to Cg were then calculated to be 1:68 and 1:71 respectively, which average to 1:69 or a Li-C stoichiometry
of LiCGQ.
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Figure S2: dOp-NMR cyclic voltammogram of the three cycles of the carbon/Li electrochemical cell taken from the
projection of the "Li dOp-NMR signal across (A) the graphite intercalation compounds and (B) the lithium metal. The
peaks labeled as A, B, D, and E are described in the text.
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S2 Derivative Processing

Here we give a step-by-step guide to calculating the derivative of the operando signal using RMN. A similar sequence of
steps can be taken in other signal processing programs such as Matlab or Mathematica. Taking a derivative through the
Fourier derivative theorem consists of applying the following commands in RMN:

1. Fourier transforming along the operando dimension.

2. Applying the derivative convolution along the operando dimension.
3. Applying a hamming filter along the operando dimension.

4. Inverse Fourier transforming along the operando dimension.

All parameters used in processing the signal are shown.

S4



wdd / g - Aouanbauy

Om.l 0 e.m _xwu 0ST 0sz 00€
——— ] ——a L
e 001
3 e s 002
o = n 7 m.
1
St 00€ g
TS e : 4./¢.A =
- E- - o
3 0ov
v 1 00s
A ~_ l/\‘
£0+38Y9261'S S (aeul (v m 1 d(#lavavss B
Y Srvvvv v veZ6Z e6L UBLLLLLLLLLBOL'VEY Y yEECEEEEEBILB'00E €0ZL LIET A-L
(ZHW S0-952959/'6-) : wdd 90LLZ6L898YS08Z9°0- (ZHW SZLE0L00'0) : wdd £0ZE860S0S66LZ'SY (ZHW §2906821£00°0) : wdd 8LyZ08LES008Y8'SY €L~ 9607 u-o
@0uaIayQ JOsIND Josind snoinaid Josin) Xapu|  sjulod ‘ON  uoisuawig
ajeas auyy syun N/S @webnluo) ued xw_nEou 0197 8siaNdy 14 n4 az|pody aseud 2oualaey 10SInD A0
C 1 (Cla[L| (B (ns] (o] [Bv[w o] (@] [13] [cd]ed[[8] [dv]  [afwe0¢] ¢8| (e[ 0] [Ot])3]
eee@

Asyd-sajoho g SANZ @ AW G 03 AWOOL 3Nydeld L-gyL-1Tr [

disH MOPUIM MaIA azAleuy SSe00id  J9seled WP ol NWY B

*)X9) UTRW 97} UO ¢ 9INSTI

UL UMOYS Sem 9[4D Puooes ST, "N Ul pauado [[90 [edIUWIAYDOI09[0 93} JO SA[IAD 09173} oY} JO v130ads YN I, opueiod() oY) JO MOIA © ST MO[Pg

S5



0S-
1

wdd / g - Aduanbay

0s om.—

0ST 00¢ 0sez 00€
1 1 1 1

£0+38Y9T6L'S

Y Syvvvyvvv6Z62'E6L
(zZHW 50-2529592°6-) * wdd 90LLZ6L8987S08Z9°0-

aduasaylg Josind

o

UBLLLLLLLLLEBOL VEY
(zZHW SZLE0£00°0) : wdd £0ZEB60S0S66LZ'SY

10sIND snoiAald

ajeag

=]

auy S§un  N/S @ebnfuo) led xajdwo) 013z uwm
G o= 1 M Ns .
AsAyd-sa|2Ad € SANZ ® AW G O} AWOOL w«_znm._*

Biy w

ay

diE\

punos dojs
d3 punos se Ae|d

*jasejep apmiubew o} Juawnbie auiquo)
**]asejep Jayjo wouj sjeubis apnjou|

“"jasejep Jayjo Aq AldniniN
“*"jasejep Jayjo Ino joenqns
***}J@selep Jaylo ul ppy

sjesejep panesjiaiul idS
< uoISUBWIP N0 303[0.d

< --goe|day
<4 oenx3

**"UOISUBWIP MU OJu Sasuodsal jeaday

UOISUBWIP [BJUOZII0Y OJUO [ed11JaA Buoje sasuodsal puaddy
**"UOISUBWIP MaU Oju] Sasuodsal papuadde ajeledas

uoisuawiq yydaq se 19s
Wi |ednlaA se )

e

|eD1}J8A\~|BJUOZLIOH 8sodsuel]

uonIsod J0SIND e 0J3Z O} BIUBIBB) 1S
uonISOd J0SIND 1B 9OUBIJAI 1S
< **0} JOSINO SAOW

*'sJajaWweled 10|d
'sJajaWeled uoisuawiq
" 'sIajaWeled }aseleq

djdH MOPUIM M3IA azAleuy SS@00.d

jesejeq

00T

~ 002

— 00€

y/1-ouwn

— 00%

_ - 00S

A ®» W»

pzL L1€Z A-L
£L- 9607 u-o

pu| sjuiod "ON uoisuawiq

~@duaiajaY
(X} (0)+

JosinD anoW

(1 93
000

w3 o4 NWY B

MUAW | JoseIR(],, oY} IOPUN PaYed0] dIe NJAY Ul UISUOISUSWIP [BII}I0A PUE [BIUOZLIOY 9} dsodsuel) 0} pueurmod
9T, ‘TejuozLIoy A} Suore uorsuowrp opueiado oty doe[d 01 pasodsuer) st wnioads a1y ‘o) opuelado Jo UOIIOUNJ B Se WNIYAAS 9} JO SATIRALIOD
o) Surye} oI0Joq ‘9I0JIOY} ‘UOISULWIP [RJUOZLIOY oY) Suofe [euSis oyy oy pordde are NJNY Ul suorjersdo [euolsuowWIp-ouo [y :osodsuedy,

S6



Yy/1-3wn

wdd / o - Aouanbasy

SIERICTIEANIEE - IEACNCNCEA TR Y

s en oy o Wb 00 ¢

£0+38¥9Z6L'S
yo Y yEECEEEEEBILB'00E Y yEECEEEEEBILB'00E €0ZL LIET y-i
(zZHW 0) : wdd 0 (ZHW §2906821£00°0) : wdd 8LyZ08LES008Y8'SY (ZHW §2906821£00°0) : wdd 8LyZ08LES008Y8'SY €L~ 9607 A-0
20ualayq JosInD 10810 SNoIAaId 0810 Xapu| S0 'ON  uoisudwig

Ashyd-sa|oho € SANZ @ AW G 03 AWDOZ 3NYdelb L-8pL-Lr [ |
dioH MOpulM Ma3IA azAleuy ssad0id  1eseled P34 NWH B

‘Sursodsuery 199e [USIS oY) ST MO[OG

S7



0sz

e

- 0ST

— 00T

wdd / o - Aduanbay

- 0S

0s-

£0+3Z6¥27L'S
Y 9ZrSSS5S5SSS0052°0- Y PECEEEEEEBILB00E
(ZHW S0-252959/'6-) * wdd v/11Z618987S0829°0- (ZHW 52906821£00°0) : wdd 8LyZ08LES008YS'SY (ZHW §299
BoUaJaIQ JOSIND 10SIn) SNOIAAI

Ashyd-sajokd g STANZ ® AW G 03 AWOOZ dUydesd L-8pL-L1r ||

digH  MOPUIM  M3IA

v0ozZL AR x4 y-i
14 v~ 9607 A-0
0 Xepul  SUIOG'ON  uoisuswIg

azAleuy ssadold 19seled UP3 34 NWY B

“MO[9( UMOYS Se NUAW SS90 J,, 91} JOPUN Pajedo] ST vI1ads o1} ,WLIOJSURI], IOLINO,], 0} PURTIUIOD o], ‘TeuSIs urewop
Aouonbaij & ojul [RUSIS UTRWOP 9} OpUeIddO 91} ULIOJSURI) 0} UOISUSWIP [RIUOZLIOY o1} Suo[e ULIojsuel) olmoq e A[ddy :urrojsued], I9LINOg

S8



ssajuoisuawiq A

= (4

2ZH/zHd [ T - Aduanbaly
¢

ZH/ZHu
ZH/zHd
ZH/zH}

SHWIT 1958y

0021

- 008

- 00

T
(=]
wdd / o - Aduanbayy

— 00%-

008~

- 0021~

60+39612LL°L

SIS Aaeyl Y W

B #[cvavss [ B

(zH1 0) : ZH/zHd 0 (zH1 0) : ZH/zHd 0 (zH1 0) : ZH/zHd 0 0 LI€Z y-i
(ZHN S0-252959/°6-) - wdd 1ZL1Z618987S08Z90- (ZHW S0-252959/°6-) : wdd |ZL1Z618987S0829°0~ (zZHW 0) s wdd o 0 9607 A-0
@oualayyqg Josin) 10sJIn) snoiAald Jjosind xapu| sjuiod "ON uolsuawiqg
ajeas auyy suun N/S @ebnluo) led xa|dwo) 0Ja7 2s19AdY 14 n4 azijpody aseud 20UdIaAY 10SIND Aoy
I G| = LN T WNs By w8y - 14| €3 €3> 4> N | dy a X 0P ¢ 5 X+ O+ (@5 SCR 2
AsAyd-sa|2Ad £ STANZ ® AW G 0} AWOOL d3ydelb L-8yL-L1r 000

djeH Mopuim MaIA azAleuy SSe00ld 1eseled WP3 olld NWY B

“MOTo(| UMOYS Sk SR[j SSO[UOISUSWII(] 91} SUNISYOUN PUR SIX® [RIUOZLIOY o[} Ul
dIoymAUR SUDDID Aq Aouenbalj Jo sjum 03 or(Q UOISUSWIP [RIUOZLIOY ST} }IOATOD 0 dSeD S} Ul AIRSS909U 11 SI SIX® OljRl Aouenbaij sse[uorsuawiip
® OJUI STRUSIS YN JO SIxe uremwiop Aouenboij o) $3I0AU0D A[[ROIjeIoNe NN 90Ul “MO[d(q [RUSIS oY) UIR)(O oM ULIOJSURI) ISLIMO oY) Iy

S9



zHr / 1 - Aouanbauy

0ov- 00z~ 0 00Z 0oy
L 1 1 1 1
0021
-~ 008
- 00
2
8
, 2
LJ, L0 .A_
=
b=
°
3
— 00¥-
— 008~
~ 0021~
60+2806829') ey v W T # vavss] [ B
zHr 0 zH1 0 zH1 0 0 0952 u-1
(zHW 0) : wdd o (zHW 0) : wdd o (zHW 0) : wdd o 0 9607 A-0
2oualayIq Josin) 10SIND SNOIA3IY 108In) Xapu| sjuiod "ON uoisuawiq
aess auy spun - NIs D Med xa|dwo) o0z 14 4 azipody aseud Jualay Josin) aro
) G o L M Ns . Biy wi 8y e | 1d| €d €d> 4> N dy Q P (0P ¢ v X+ OF  OF (DI
fshyd-sajoho g STANZ @ AW G 03 AWOOL BHYdelB L-8pL-LTr 000

digH MOpuIM  MaIA azAleuy ssadold  1a9sejeq IP3 9|4 NWi ..

"ZH7 JO SN [}IM SIX® [RJUOZLIOY o1} [HIM ULIOJSURI} ISLINO o1} I9jje [RUSIS o1} ST mo[og

S10



zHd / 1 - Aduanbayy

00t~ 002~ 0 00z 00y
1 1 1 1 1
0021
008
- 00%
— L >
U 2
c
- S 3
== Fo 2
o =)
-
°
°
3
—~ 00¥-
- 008~
— 0021~
60+3806829'L Szl aeyllv w0 u # Y ®
zHr o zHr o zHr o 0 0952 y-i
(ZHW 0) : wdd o (ZHW 0) : wdd o (ZHW 0) : wdd o 0 Q601 A-0
Josin) xapu| sjuiod "ON uoisuawiq

aduasaylg Josind

[ Addy |22ue)

Josin) snoiaald

zhr o5t yono [

UOIIN|OAUOD BANBALIAQ | fUORIUNS Uonezipody

ajeas

auly syun  NJ/S @aebnluo) jed xajdwo) 01az asiandy 14 mn4 azipody aseud 2oualaRy JosinD aroW
Gl LM Ns . Biy w ey | || 13| |ed €d> 3> W\ OV Y (P (0 ¢ N e (0] (It (P
AsAyd-ss|oAd £ STANZ ® AW G 0 AWQQZ auydesd L-8pL-LIr ®0G

dioH MopuiM MaIA ozAleuy ssadoid  1aseled P39l NWY B

“JYSLI oY) U0

uoyng A1ddy oy 1) pesn st zH7 (GT Jo Aouenbaly Jono e ‘9sed SIY) U] 9SIOU AJUIrR SMOYS RI1J09ds oY) aIoym anfeA ® Isjue Aousnbaly Jojno
9} 10 , UOIIN[OAUO)) 9AIJRALIS(T,, 399[0s nuowl dndod oy} yppy -suonouny uoryezipode oqerrear gutde(dsip nuowr dndod e yjm Joperp e Aridsip
[[IM SIY], MUOW S$S9001J, ) Iopun I0 (pol ul pa[oim) uoyng dy o3 SunpIp Aq auop st uorpezipode oy, :uoIN[oAU0)) aarjesrdq Addy

S11



zHr / 1 - Auanbauy

oov- 00z- 0 00z 00y
- 0021
- 008
- 00t
g
5
3
Lo 2
=]
5
°
3
- 00p-
- 008
- 0021~
60+2806829'L m m M~y v W _IE ) (a5 as ss j
zH o ZH1 0 zHr o 0 0952 y-i
(zHW 0) - wdd o (zZHW 0) : wdd o (zZHW 0) : wdd o 0 9607 A-0
aoualayiq Josin) 10sInD snolrald J08In) Xapu| sjuiod "ON uolsuawiq
(Aiddy | (“1eoued | _ zhri ost | yono [ Bulwwey | :uonauny uonezipody
oS euyy  swn N/S awbnuo) uedxgdwodosz esieasy 14 M : ek R
I G|z LM Ns . Biy w8y - 14 edjeds [N a e (0P ¢ N| (X (O ()t D3
AsAyd'sa|ahd g STANZ ® AW G 03 AWQOL dHydeld L-8yL-LTr 00 @
djaH MopuiM MBIA dzAleuy Sse00ld  jeseled WP 4 NWH B

‘uoyng Addy

) IR pue ‘zgn (GT Jo Aduenbory gono e mejuyy muew dndod oy) UM Pajdsfes SI uorpuny uorjezipode  Jurwrref,, oY) 309[0G Adusnbaiy
pono oures o) Jursn porfdde sI 10}y Surmurey [euorippe ur Aouenboiy Joind dreys e Susn woly sorjre proar of, 1931 Surwwel Addy

S12



zHr / 1 - Auanbauy

00t~ 00z~ 00z 00%
1 1 1 1
- 0021
~ 008
— 00%
2
c
8
Lo 2
=]
-}
°
3
— 00v-
— 008~
~ 0021~
60+9806829'L SIRNEIEAEE I AR
ZHl 0 zHr o zH1 0 0 09sZ y-i
(ZHW 0) - wdd o (zZHW 0) - wdd o (zZHW 0) - wdd o 0 9607 A-0
@oualaylq Josin) 10sin) snoinald 108In) Xapu| sjuiod "ON uoisuawiqg
9/eds auy swun  NIS Suah_:oo Ued xa|dwoD 0197 8ssandy 14 4 -N_\v|,oa< aseud 2dualaey Josind aron
Go Ll M Ns . Biy wi 8y e 13 ed €3> 4> N dy QO WP (0P ¢ 3| X+ OF (Ot (I3
AsAyd-sajohd g STANZ @ AW § 03 AWOOZ 3Nydeld L-gyL-LTr [ NON )

disH4 Mopuim  MmalA  azfjeuy

sseo0id 19seled WP3 94 NWY B

‘poridde weaq sey uorouny Surwrey 9y} Isjje [RusIg

S13



zHr / 1 - Auanbauy

00t~ 002- 0 002z 00¥
1 L 1 1 1
- 0021
- 008
- 00t
2
g
a
L0 .M
o
3
3
- 00p-
- 008~
. - 0021~
asodsuel]
kAN 1eaday
H3 asianay
wiiojsuel) Jauno4
< aseyd
60+2806829'L “ c__,___w M ¢ vavss (B B
ZH 0 zHr o | azjpody |0 0 0952 y-i
(ZHW 0) : wdd o Twdd o 0 0 9607 A-0
2oualayylq Josind 10sInD snoinald < Hed xw_nEOO MeL o} xapu| sjuiod "ON uoisuawiq
< 1ed xa|dwo) 019z
G suun N/s  @webnfuo) Led xa|dwo oiaz asianay RN %] “3s10U PPY 2oualaey J0sJND aroW
! m Biy w 8y e 14 d € awebnuooxaidwoy P PN (N 0% (Ot (I3
— R N
Ashyd-sajohd £ STANZ @ AW G 0} AWQOL dNydeld L-gyL-LIr siejeds Ag Aidniny ﬁ 000 |
djaH MopulM MB3IA 9zAleuy SSe00ld jeseled WP 4 NWY B

“UOISUSTIIP [RJUOZLIOY

o) Suore urewop oawiry opuerado o1} 03 yoeq Teudis oy} Suriq o) parjdde usY} SI ULIOJSURI} IOLINO] OSIOAUI Uy :UILIOJSURI], JOLINO OSIDAU]

S14



SW/T-2wn

Z 9’1 1 8’0 v'o
1 1 1 1 1
0021
~ 008
— 00¥
| i | i { -
3
o
c
()
a
o .M
o
b=
°
3
— 00~
— 008~
~ 0021~
80+95/65LZ'L S (aeul (v WD #)asavss [ W@
SN 0 SN 0 SN 0 0 L1€Z u-i
(zZHW 0) : wdd o (zHW 0) :wdd o (zHW 0) : wdd o 0 9607 A-0
2JualayyIqg Josin) 10SIN) SNOIAdId Jjosin) Xxapu| sjuiod "ON uolsuawiq
a|eas auyy syun N/S @webnluo) led xa|dwo) 0Ja7 asJ9AdY 14 "4 azipody aseud 20UaIRY 10SIND Ao
I G |z LN F HNs . By w 8y - 3 ed| e3> |45 | N [ dv a Xe (0P ¢ v X+ O+ ()t DI
o000

AsAyd-sa|ahd £ STANZ ® AW G 0} AWOOZ duydesd L-gyL-L1r
digH Mopuim MaIA 9zAleuy SSa8d0ld Jeseled P33 9|4 NWYH

")X0) UTRW 91} Ul 2INS1 Y} ypyewr 0y reuss o) Jo uoryejuasaord o) snlpe om sdojs may
Jxou 91} U ‘poureqo st [eusdis dop oY) pue 939[dUI0d ST UOISUIUWIP [BIUOZLIOY [} SUOTR SAIJRALIOP O], ‘ULIOJSULI} IOLINO,] SIOAUI 9} I9}je [euSIg

S15



SW/T-3wn

Z 9’1 1 80 v'0
1 1 1 1 L
~ 0021
~ 008
~ 00V
) — — — — — { m.
=
n
3
- — i - - — 2
Lo :
o
<
=]
b=
3
— 00v-
H |22ue) poke|dsiqQ SUOISUAWIQ JO JAQUINN . L
- — 008~
juawnBiy 19say Jejodig | /6 sonJouinjo#
SpminBen|(_ oL+aL| juswasoul o1 Jofepy
~ anH ) AieuiBew) g 1eay
L2 e - 96ZLEYLZOLZ | Wwi Jaddn
adAj 10/d jage |euBis RujOew||( - 0021~
eay © Z65Y599€Z0p- HWi Jamoq
w0 yns  joidnowod RN cormirT
30/d Inoo) | 10]d abew| .
T | 1asay Jejodig | C ¢ isonJouinw jo g
B ezsiwo0g -
soun pLo @ wdd 0g | uawasou; a3 Jolen
60+28L50GS"L- Saul yum 108uu0) s soe|g 0 wdd goL-| HwiJeddn | [ @.l SYRIRC)
I
sanjea jie 10/d B E
.“ @ #0100 Pge1  xepul wdd oge | Ui Joma y-LivoLzLl ozl 112 u-1
: uasedsues L
(ZHW SZ90¥LY6790'0-) : Wdd 9pS/ Ly : LU TS T A-0)962S 8- 9607 A-0
a uoisuawiq | Josin) xapu| Sjuiod 'ON  uoisuawiq
ajeas auy swun  N/S @ebnfuo) 1ed xo|dwoD 017 9SI9ARY 14 4 azipody aseud 2ouaiagey 10SInD BN
I Gz LM Ns . Biy | wy oy - 14 €1 €3> 4> V| |dy Q X (0P ¢ N | X+ (O (S8 MECOR 2
AsRyd-sa|okd € STANZ @ AW § 0} AWOOL BUYdeIB L-gyL-Lr X
disH  MOpUIM MaIA ozAleuy ssao0id  19seled WP3 94 NWY B

Aq peSuerd oq ued siojewreIed oSt T,

“UOTSTAWIIP [BOT}I0A 91} 10f syruul] Ioddn pue Iomo[ o1} SULIOUS PUR PAI Ul PIIID J oY) SurspIp
‘wdd 0gg 03 (QT- JO SHWI] O} UM WNIds ® MOYS 0) Powooz ST sTxe (Adouanboly YIAN) [BO11I0A o1,

S16



SW/T-2wn

2 9’1 il 80 v'o
1 1 L 1 1
— 00€
- o -
- 0S2
— 002
.
2
-0ST €
a
~
1
o
aCLL
°
3

L 0S-

roul (v W T #)avasss (@ B

<>

60+9815055'L- 2
SW ZLEVOYL'O SW ¥08029Z'L SW Z679LZL'L 9vzL LLET y-i
(ZHW SZ90¥LY6Y90°0-) * Wdd 9pSLLYEL8YISILLY- (ZHW SZ18Z8€£950°0-) : wdd Z/1961v8/8668'79€E- (ZHW SZLE0Z800°0) * Wwdd Zy/EL8Z680995L'2S 8- 9607 A-0
@ouasaylq Josin) 10S1n) SNOIA3LG Jjosin) Xxapu| sjuiod "ON uoisuawig

2o auiyy syun  NIs fuop ied D07 esiandY 14 %] azjpody aseud 20ualajEy  JOSIND AnoW

" G = L M Ns . Biy w 8y e 14| «d €3> 4> v dy QO We (0P ¢ v X+ OF Ot (DI
AsAyd-sa|aAd £ STANZ ® AW G 0} AWOOZ dUydeid L-gyL-L1r (X )

digH MOpuM MOIA ozAleuy SSa00id leseled WP3 O)ld NINY B

“WO0Z [BOT}I9A ) I9)Je [eUSIS oY T,

S17



SW/T-3wn

z 91 z1 80 v'0
1 1 1 1 1
L 00€
- o -
- 052
- 002
LosT €
A
~<
1
o
-00T 5
°
3
B SR S— I, : ¥ -os
= S— -0
. =1 g9y se auiquo) - ‘
wewnbyy () | 19sey | Jejodig [ 2l6  isonJouin o #
tuBew O oL+aL| juawaioul o1 Jolew [ oc-
Aaeuy Bleay )
< any o P - 96ZLEYLIZYLZ | Hwi Jaddn
adAy 10d 12qe |eubis L@ :
ey @ | 2657599620y~ | Wi Jomo]
widypns  oidnowoed RN T
10|d Jnouo) || 3o|d abew| B
- | 1esay | Jejodig || C v isonJounw jo #
B ezswog —
seun puo B | b 0oL | auewasou o3 Jofew
60+28L505G'L- soujuumioeuuoD @ & yoeig 7 , 1 99999999998Z1'625 | Hwi1 seddn 1171 4l [#dvas s [ @
- SanjeA ||e 10| »r ﬁ
z_su“m La e o e v uo| Hmemol y-LivolzLl ozl 1162 y-1
o |
(zHW SZ90YLy6v90°0-) : wdd 9ySLLy LU O D TS A- 0395428 8- 9607 A-0
al uoisuawig | Josin)d xapu| sjuiod "ON uoisuawiq
ajeog auy syun  N/S  @webnfuod Led xajdwo) 0iez esiaNdy 14 "4 azipody aseud s0uBsaEy  4OSIND BAOW
I Gz LM ~s . Biy | wy oy = 14 €d €3> 4> N| |dy a X (0% ¢ 5| X+ O+ (8 IR 2
AsAyd-sajoho g SANZ @ AW G 03 AWDOZ BNydelb L-gyL-LTr 00 ®

digH MopuM MaIA ozAleuy sseooid 19seled  WP3 A4 NIWY B

"SINOY UI 9T} A} MOYS 07 pajsnlpe are sixe (owry opuelodo) [BIUOZLIOY A} JO SHUN oY) ‘A[TR[ITUIIG

S18



y/1-3wn

00 0o 00 002 00T
1 L 1 1 L
_loom
- - -
- 052
- 002
)
-0sT €
3
n
~<
)
o
-00T 3
b=
3
T iy F— - 0S
B e feidsiq suoisuawiq jo [z [P
- - : 2 {Fo
JuawnBly  jesey | Jejodig [ n 6 SO} JOUIN JO #
apnyuben () oL+aL | juawaioul o Jolepy - 0S-
AieuiBew) g 1eay
¢ Joj02i9 0 96ZLEYLZYLZ  Wwi Jaddn
adAy 10/d jage |euBis AseuiBew) \/
=3y © Z65YS99£Z0p- | W Jamo]
0id s od aum TN e
MOJIBA |
10/d Inojuo) | :
| PELYS Jejodig | - :1S213 JOUIW JO R
B | ezsiuoy aiding | ] jodig | Iy 13 JOUI 40 #
| abuesp |
sour pus B et Y0oL| 3juawaidul 3 Jofely | -
60+28LS05S"L- saul yum 108uu0) 3 E! 4 £9999999998zZ1'6£G | Wi Jaddn | I 4 #/lavav sy ® W
sanjea ||e 10) uekd [
42,9999 ) “ 4@ T pge1  xapul yo| wn samol U-169SLLE ovzL L1€2 u-1
1 uasedsuel L -
(ZH SZ90YLY6790°0-) : wdd 9yG/ LY g L ong | T RIS, A- 0395428 8- 9607 A-0
al Foeig uoisuawiqg | Josind Xapu|  Sjuiod 'ON  uoisuawiq
ajeas auy syun  N/S 9ebnfuo) jied xa|dwo) 0197 9s1ANdY 14 "4 azipody aseud @aoualaey 10SIND BAOW
] G o LMNs . Biy w9y - 1d 3 €4 4> N av QO X (0 ¢ 3| X+ (O (8 MECHR 2
AsAyd'sa|akd g STANZ ® AW G 03 AWQOL dUydeld L-8yL-LTr [ NONO

djaH Mopuim MaIA azAleuy SSe00ld 1eseled P3Ol NWY B

'so100ds WNI)HI] JO Tesowal juosardor 0} pal ul syeod 3urog aArjedou pur sorods WNIYI JO
uoreurIo] jussardal 0} usalsd ut syead aA1yIsod Jusserdal 09 9S00UD A\ “WNIFDAdS I0[00I( ® Ure}qo 0) paduryd uay) a1k jo1d o) Jo seryredoid oy,

S19



Yy/1->2wn

00s oov 00€ 00z 001
1 1 1 1 1
‘ - 00€
- - - - > _
‘- 0S2
— 002
2
-0ST S
3
2
1
o
00T 3
3
' : el : ' L os
- = - - - = o
- 0S-
60+9815095'L- SISRENEARE : IS
4 2£999999999800°'6€ U 6888888888£/5'0SE€ 4 2222222222695'LLE 9vzL LLET y-i
(ZHW SZ90¥LY61790°0-) : Wdd 9pSLLYEL8YISILLY- (ZHW SZ18Z8€£950°0-) * wdd Z/196Lv8/8668'V9IE- (ZHW SZLE0Z800°0) - Wwdd Zy/ELBZ68099SL'ZS 8- 9607 A-0
@ouasaylq Josin) 10S1n) SNOIA3IH Josin) xapu| sjuiod "ON uoisuawig
aeag auy suun - Nis fuod ed Doz esioARY 14 [LE] azpody aseud souasgjey  JosinD anow
“1 |G = 1L M N . Biy wi 8y e | 1d| €d €d> 4> N dy a X (0P ¢ v X+ O+ (Ot (DI
AsAyd-sa|2Ad £ STANZ ® AW G 0} AWOOL dHydeld L-gyL-L1r 000

digH Mopuim MaIA 9zAleuy SSa8d0ld Jeseled P33 9|4 NWYH -.

‘so10ads M)y
Jo Tesowal oY} Juasaidol syead pal pue soroads WNIYH] JO UOIRMLIO] Judsardol syead uoalr) wniads dQPp JI0[091q © SMOYS MO[q oFewl 9T,

520



y/1-3wn

onwm on_uv on_gm On_.~ om.—
_ - 00€
&) ’ _ Y ’ . & _
- 0S2
unos se Ae
k3 p Id 00z
-jasejep apnjubew o} Juawnbie auiquod
**"Jasejep Jayjo woJj sjeubis apnjou| _ o5t .m
E
*-jasejep Jayjo Aq Aldniny b_,
***}@Sejep Jayjo Ino joenqns o
“}aselep Jay1o ul ppy [0 g
3
sjasejep paAeajiajul Jds
' ) }‘ ' 0ISUSWIP INO 3930 o
< uoisuawi| fo.d
< --goe|day
. — ~ — < 10e0X3 o
*"UOISUBWIP MaU OJul Sasuodsal Jeaday
= le
UOISUBLWIP |EIUOZIIOY OJUO [BDI3JaA Buoje sasuodsal puaddy
**"UOISUBWIP Mau Ol sasuodsal papuadde ajesedas
: suoisuawip _—
60+38LS0SS'L- pake|dsip [eoi1JaA PUB [BIUOZIIOY Y} asodsuel] |ED1}J9A-|BJUOZ1IOH asodsuel] AaAaSy W
Y 2£999999999800'6€ U 6888888888LL5'0S€E 1 uonisod JOSIND e 0J9Z 0} 8duaJaJal 198 vm_. L1eT y-i
(ZHW SZ90¥LY6¥90°0-) : Wdd 9pSLLYEL8YISOLLY- (ZHW SZ1828€£950°0-) : wdd Z/1961v8.866879€- uonisod 10SinD je adualdjal 18S .vm. 9607 A-0
aoualayIq Josind 10SIND SNOIA3IY 4 ***0} J0SIND A0 pu| sjuiod "ON uoisuawiq
ajeas auly syun  N/S  @ebnfuo) ed xajdwo) 0197 uwm “sJa18Weled 10|d \-wocn.o_—wm 10SIND oW
“1 G = L M| Ns . Biy w ey | d —sipwekd uosuawig | XF OF (91 (D3
AsAyd-sa|o/Ad £ SANZ ® AW G 0} AWOOL w«_;nm; 'slajaweled jaseleq [ BON ]

“TOISULWIP [BIIJISA 91} Suole auwil) opurIiodo o) pue UOISUSWIP [RIUOZLIOY o} SUO[e sorouenbaiy YN oY) sure[d o) [Rudis o) ssodsuer) om jxoN

djaH

MOPUIM  M3IA azAleuy ssadold  1a9sejeq Ip3 94 ZEE ..

S21



wdd / g - Aduanbayy

0S- 0 0s 001 0ST 002 0se 00€
1 — 1 1 1 Il 1 — — 1
00T
| —— o
~- 002
- 3
'
— 00€ Ve
'?T - ~
>
— 00t
wawnBiy 1953y Jejodig | n 6 SO Joun o #
- — 00S
apnyuBen () 0L+3l  juawaoul o1} Joleyy
Aieul B 1eay
S folig 0 . = 6+05- | 3w seddn
adAy 10/d jaqe |euBis & \J
e © 60+ag-| W Jamo] =
10/d0BIS  10|d JNOIOD E o
10|d Jnojuo) || 1o|d abew| B
1953y Jejodig | C v isonJouiw jo g
B ) ezsivog -
— 3 saur puo B 4 00L | 3uawaidul oy Jofey
60+381S08G'L- soulyuMI08UL0D [ & usalg o 4 £9999999998z1'6/5 | Wi 4addn 11 84 [# d8a8vSh ® W
SanjeA ||e 10 ﬁ
] “ Id @ 10]00 jage xapu| yo Hwniamol A-1 BOS'LLE oveL [1€2 A-1
4 juasedsuel) I =
AN. - 510/0D [BUBIS SIXY 918UIPI00D Y-03954728 8- 9607 u-o
al uoisuawiq | Josin) Xxapu| sjuiod "ON uoisuawiq
ajeas auy syun  N/S @ebnfuo) led xa|dwoD 0187 8SIAAdY 14 n4 azipody aseud 2oUaIaey 10SIND IAOW
I Gz LM Ns . Biy | wy oy - 1d «d €3> 4> N | |dy Q X (0 ¢ N[ | X+ (0 (OF SECOR 2
AsAyd'sa|ahd g STANZ ® AW G 03 AWOOL dHydeld L-8yL-LTr 00 G

djoH MoOpuIM MBIA ozAleuy SSe00id 19seled P39l NI )

60T X G JIWI[ WYSIY oY) Pue (O] X G¢— SUP] JIWI] IOMO[ [IIM DPNIIUTRU dUIes [} 0F SHWI] A}ISUOUT [RUSTIS
ISy pur Iemo] oY} 3uryjes Aq opeut st jo[d rejodiq y 'SUOI}ISURI) JUSISPIP Y} JO AN[IISIA 91} 9IURYUS OF Ul POUIOOZ UST[] ST osuodsol [RUSIS oY T,

S22



wdd / g - Aouanbauy

o. o_m oa_v._ Om._” oo_N em_ [4 oo.m
=5 E -
; 7
e llw!’ 2 ~ 00T
—- 002
3
1
-00€ »~
-
-
- — 00%
— 00S

60+31656v8'L- SISREETNEARNE : IR
Y 6£299999999910SL°0 Y 2222222222695'LLE Y 95555555506L8°0LE eveL LLET A-L
(ZHW S£81£LL00°0) * Wwdd 8yESOEBLYBSIIESL (ZHW SZLE0ZB00'0) - Wdd Z¥/ELBZ680995L'2S (ZHW SZLEDL00"0) : wdd £0ZEB60S0S66LZ'SY L 9607 u-o
aoualayiq Josin) 1osin) snolrald J0sin) Xxapu| sjuiod "ON uoisuawiqg

9/eds auyy swun  NIS S-ESO Ued xa|dwo) 0187 8sIaAY 14 4 QN.E aseud 2dualaey JosinD aroW

) G o L M NS Biy wi 8y e 13 ed €3> 4> N dy QO WP (0 ¢ 3| X+ OF (It (I
Ashyd-sajohd € STANZ @ AW G 03 AWDOZ dUydesd L-gyL-LTr [ NON )

disH MoOpuiM MaIA azAleuy sSsad0ld Jeseled IP3 9|4 NWY b ]

“)X9) UrRW 97} JO ), pue G "SI, Ul UMOYS SI 9[DAD PUODdS O], SO[IAD 901} [[B 10} [euSis AP oY) ST mo[og

S23



	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a

	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a

	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a
	Enhancing the real-time detection of phase changes in lithiumtnqh_x2013graphite intercalated compounds through derivative operando (dOp) NMR cyclic voltammetryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta07521a


