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Abstract
The reversible electrochemical process (insertion/extraction) of lithium ions
in graphitic carbon was monitored in situ for the first time by 7Li nuclear
magnetic resonance (NMR) spectroscopy using a novel NMR apparatus. The
compression coin cell battery imager is a simple device that combines the
functions of an electrochemical cell and an NMR detector. A series of 7Li
NMR spectra obtained for a blend of spherical and flaky disordered graphitic
carbon particles revealed two distinct chemical shift signatures for the lithium
ions that were inserted and extracted in the first electrochemical cycle. The
lithium signal at ∼50 ppm is consistent with the interplane sites for lithium
ions on the sixfold axis between two stacked aromatic carbon rings aligned
in registry. The second predominant lithium signal at ∼12 ppm occurs in the
chemical shift region reported for high-stage lithiated graphite and a dispersion
of lithium-ion sites found in disordered carbon matrices. In addition, we
observed chemical shift signatures similar to those assigned to Li-7 nuclei in
lithium oxide, lithium carbonate, lithium alkyls, and lithium alkoxides that
occur near 0 ppm and represent lithium nuclei that are irreversibly bound in
the electrode/electrolyte interphase. An increase in intensity in the spectral
region that is normally associated with irreversibly bound lithium was observed
during the first discharge cycle, as anticipated. However, the same peaks in
the spectrum unexpectedly diminished during the subsequent charge cycle,
suggesting that the interphase between the carbon electrode and the electrolyte
is built up over several cycles.
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1. Introduction

1.1. Purpose

The purpose of this report is to demonstrate an in situ method for the investigation of electro-
chemical processes in electrode laminates by nuclear magnetic resonance (NMR) spectroscopy.
We illustrate the method with an investigation of the electrochemical insertion and extraction
of lithium ions in a graphitic carbon electrode. A diagram of the electrochemical process
and the related terminology and conventions used in this study is shown as scheme 1. In
brief, the electrochemical cell discharges spontaneously when lithium ions are reduced at the
carbon cathode with the concomitant oxidation of metallic lithium at the anode. Electrons
flow through an external circuit from the anode (+) to the cathode (−) to do work in an applied
load. The electromotive force that drives the electrochemical process varies with the loading
of lithium ions in the carbon electrode.

[Li]0      [Li]+ + e- [Li]+ + e-        [Li]+[C]-

(Counter Electrode) (Working Electrode)

Metallic
Lithium

Graphite
Carbon

Lithium Ion Channel

I = +0.1 mAe- e-

(-) (+)

(Discharge)

Anode Cathode

Scheme 1. The electrochemical cell indicating the nomenclature used in the text and the

directions of the electronic and ionic currents.

A practical goal of this research is to develop a multinuclear NMR apparatus adaptable to
flat laminated electrodes, and useful for in situ investigations of intercalation mechanisms
and redox chemistries that occur at the surface and inside electrodes during electrochemical
cycling. The initial focus of our efforts was to develop the compression coin cell battery imager,
a novel apparatus useful for multinuclear NMR spectroscopy and imaging of flat coin cells.
The detector apparatus and associated NMR techniques can be used in situ to quantitatively
characterize:

(a) the spectroscopic signatures and distributions for the electrolyte components,
(b) the electrochemical reaction products formed at the surface and in the bulk electrode

during electrochemical cycling,
(c) the microscopic mobility and distribution of lithium ions in the electrode lattice at different

stages of lithiation,
(d) the reaction mechanism(s) for lithium-ion insertion/extraction encountered during the first

and subsequent electrochemical cycles, and
(e) the electronic changes in the host carbon matrix.

We begin this paper with a discussion of the near-electrode imager because it is the
predecessor of the present invention. We then describe the shortcomings of laminating the
central rod of the near-electrode imager with novel anode and cathode materials that are of
current interest in battery research. The difficult process of coating cylindrical rod electrodes
motivated the development of the compression coin cell battery imager. This paper also
discusses salient aspects of the toroid cavity NMR detector and related magnetic resonance



In situ NMR investigations of lithium ions in carbon 8271

imaging methodologies relevant to the present work. In the results and discussion section, we
illustrate the utility of the newly developed detector apparatus by applying it in the investigation
of the cyclic insertion and extraction of lithium in a carbon mixture that is currently used
in commercially available lithium-ion batteries by 7Li NMR spectroscopy. The imaging
capabilities of the NMR device used in this study can provide spatial discrimination of the
electrochemical products at the two electrodes (e.g., formation of dendritic lithium at the
cathode). However, a description of the imaging methodology using the compression coin cell
battery imager is beyond the scope of this article.

1.2. Background

Wieckowski and co-workers have pioneered ‘electrochemical NMR’ in the solid state through
13C and 195Pt NMR investigations of several electrochemical systems (e.g., methanol on
platinum black, NaCN and CH3CN on a polycrystalline platinum electrode) [1–3]. In our
previous in situ NMR investigations of electrochemical cells, we have focused on the mobility
and distribution of ions in the electrolyte. For these investigations, we used the near-electrode
imager device (see figure 1(a)), an electrochemical cell/NMR detector with cylindrical sym-
metry [4, 5]. In the near-electrode imager, a metal rod defines the axis of the cylindrical
device, and functions simultaneously as the working electrode of the electrochemical cell and
the central conductor of the toroid cavity NMR detector [6, 7]. A glass tube surrounds the
central conductor and contains the sample. Within the glass tube a helical coil is positioned
and used as a counter-electrode. The electrochemical cell assembly is contained in a toroid
cavity as shown in figure 1(a). A potential applied between the central conductor and the outer
cylinder produces a radial electric field that is used to displace ions dissolved in a supporting
polymer matrix. With the near-electrode imager, the evolution of a salt concentration gradient
was followed using 19F NMR by imaging the concentration profile of the [CF3SO3]− (triflate)
anion [8,9]. To extend the NMR investigations to novel electrode materials and the redox-active
layer between the electrode and the electrolyte, several attempts were made to symmetrically

Potentiostat

NMR
Spectrometer

Counter
Electrode

Working
Electrode

Toroid
Cavity

(a) (b)

Figure 1. Schematic illustrations of two NMR detectors for in situ investigations of electrochemical
cells. (a) The near-electrode imager has cylindrical symmetry and is suitable for investigations
of oxidation/reduction reactions and the mobility of ions near the working electrode and in the
bulk electrolyte. (b) The compression coin cell battery imager was designed to accommodate the
geometry and dimensions of planar laminate electrodes used in commercial 2032-size coin cells.
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coat the central working electrode (copper rod) with a uniform layer of different lithium
intercalation compounds [10,11]. Methods for coating the central conductor were developed,
but mechanically robust coatings were difficult to fabricate. In addition, it was not a simple
process to symmetrically compact a solid-film electrolyte and counter-electrode about the
working electrode rod. However, standard methods exist for fabricating laminated electrodes
on flat metal foils. Flat anode laminates, polymer electrolyte films, and cathode laminates can
be easily stacked and compressed. Active electrode materials of current interest, including
various carbon materials for negative electrodes and metal oxides for positive electrodes
that intercalate lithium ions in lithium-ion batteries, are routinely prepared as flat laminates.
Therefore, we developed a device, the compression coin cell battery imager for wide-line
multinuclear NMR spectroscopy and imaging, that could take advantage of the ubiquitous flat
laminate electrodes used in lithium-ion coin cells. In the present work we illustrate the utility
of the new device with a 7Li NMR spectroscopy study of the speciation of lithium in a carbon
electrode.

The principal utility of 7Li NMR spectroscopy is the insight it provides into the electronic
environment surrounding Li+ ions in the intercalation process. Our first results using the
flat imager were obtained ex situ on graphitic and sepiolite-templated carbon materials [12].
Our second results, also obtained ex situ, were on corannulene, a bowl-shaped aromatic
hydrocarbon that has a greater capacity for lithium than graphite [13]. Both carbonaceous
materials were completely lithiated (discharged to 0 V) in a conventional 2032 stainless steel
coin cell. The lithiated carbon electrodes were then excised from the sealed cells and analysed
by 7Li NMR wide-line spectroscopy in the original coin cell battery imager. We learned from
these experiments that we could analyse 10 mg of carbonaceous active anode material, detect
the formation of dendrites at the surface of a carbon electrode, and form a hermetic battery seal
that would last several days [13]. The in situ capability of the compression coin cell battery
imager described here allows us to extend our previous experiments through the entire cycling
process, so we can directly and unambiguously follow the various fractions of lithium ions in
the different electronic environments. Thus, for example, we can: follow the potential profile
for the formation of lithium clusters in the nanopores in hard carbons [14, 15]; address the
degradation of reversible capacity with cycle number, which has been correlated with a high
irreversible capacity in the first cycle and exfoliation of the carbon particles [16]; monitor the
decomposition products of liquid and gel electrolytes at carbon and lithium electrodes during
cycling [17–20].

2. Experimental procedure

2.1. Composition and fabrication of the carbon electrode

The carbon electrode investigated in this work was composed of a mixture of three powders:
the active intercalation carbon; a flaky carbon material with a small grain size and good
electrical conductivity; and a polymeric binder material. Yoshino et al empirically determined
that a mixture of graphitic carbons with different particle sizes enhances the packing and
electrical conductivity of the electrode [21]. The active intercalation carbon was a mesocarbon
microbead material (MCMB-10) obtained from Osaka gas and made by heating coal tar to
approximately 1300 K for several hours [21–23]. Heat treatments of coal tar above ∼1700 K
cause excessive graphite crystal growth (graphitization); heat treatments below ∼1100 K result
in inadequate electrical conductivity [21]. The flaky carbon (SFG-6) was purchased from
Timcal (Westlake, OH). Poly(vinylidene fluoride) was used as the polymeric binder (Kynar�,
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ATOFINA Chemicals). The carbons were mixed by weight, 65% MCMB-10 and 35% SFG-
6. The mixture of carbons was then mixed by weight with the binder, 92% carbon mixture
and 8% binder. The complete mixture was combined with n-methyl pyrollidone (NMP) to
form a slurry and cast onto a flat 15 µm thick copper foil, which was used as the current
collector, and mitred to a wet thickness of 100 µm using a doctor blade. The laminate was
dried at room temperature and then flattened to a thickness of 66 µm by passing it through
two counter-rotating steel rollers. A disc 15.9 mm (5/8′′) in diameter was punched out of the
laminate. The electrode disc contained 14.8 mg of the active lithium intercalation material
(MCMB-10/SFG-6 graphite-blend carbon).

In order to describe the commercially obtained graphitic carbon that was used in our
investigations we include estimates of a number of parameters for the structure and morphology
of the carbon as determined from x-ray diffraction, BET isotherm, and density measurements
obtained from the chemical literature for materials prepared by various methods [21–23]. Since
the carbon used in our investigations was heat treated at approximately 1300 K, we surmise the
following average material parameters [16, 21]: the average diameter of the carbon particles
is 1–15 µm; the BET surface area is 5–10 m2 g−1; the true density is 1.7–2.0 g cm−3; the
intersurface distance between the graphite planes, d002, is 3.45–3.50 Å (3.71 Å for LiC6);
the dimensions of the graphitic carbon microstructure perpendicular to the graphite plane,
Lc(002), and parallel to the graphite plane, La(110), are less than 40 Å each. In addition, for a
quantitative description of the graphitic carbon structure, it is necessary to know the fraction
of graphitic carbon that is hexagonal (2H) and rhombohedral (3R), and the degree to which
the nominally parallel layers are shifted and rotated with respect to one another (turbostatic
disorder) [16,24–26]. These characteristics could not be inferred from the method of synthesis
as described in references [21] and [16].

2.2. Electrochemical NMR detector assembly

The original near-electrode imager, and the compression coin cell battery imager designed to
accommodate the component of a 2032-size coin cell are compared in figures 1(a) and 1(b),
respectively [4, 27]. The coin cell press, NMR detector (also a current collector), and the
internal components of an electrochemical cell are shown in the photograph in figure 2, and
are arranged from left to right in the order in which they are stacked within the press assembly.
The principal NMR detector element of the compression coin cell battery imager is a flat
metal conductor in the shape of a circle. The flat (central) conductor simultaneously serves
as the NMR detector element, and the current collector for the cathode electrode during the
reductive intercalation process in the electrochemical cell. Significantly, the carbon cathode
laminate is placed directly onto the flat circular detector in the compression coin cell battery
imager instead of as a coating on the cylindrical wire detector used in the near-electrode
imager. The flat detector element is connected at opposite ends to metal conductor rods that
form part of an electromagnetic resonator circuit. The solid rods may be fabricated from an
electrically conductive material (e.g., AlLi alloy) that provides an external magnetic resonance
signature for use as a chemical marker and/or integration standard [28, 29]. A cylindrical
metallic container (toroid cavity) is used to house the detector element and conductor rods. It
provides a high-surface-area return path for electromagnetic RF currents that are conducted
by the detector element, and serves as a shield to external sources of undesired alternating
electromagnetic fields. Non-magnetic ceramic capacitors of fixed values (American Technical
Ceramics Corporation, Jacksonville, FL) are soldered to the principal detector element for
tuning to the desired nuclear resonance (Larmor) frequency and matching to the 50 	 output
impedance of the transceiver circuit.
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Figure 2. A photograph of the compression coin cell battery imager. The coin cell press holds the
carbon sample to be analysed adjacent to the principal (NMR) detector element. The Teflon�-
coated o-ring surrounds the electrodes of the coin cell and the corrosive electrolyte, and forms
a hermetic seal at both copper current collector surfaces. The coin cell press is contained in a
toroid cavity, which provides a return path for radio-frequency currents and shields out extraneous
signals.

The cell is assembled in a similar manner to a standard 2032-size stainless steel button cell,
in a dry room with a relative humidity of less than∼1.53% (<400 ppm H2O). The NMR detector
is first placed in the cylindrical opening in the base of the plastic coin cell press. The base and
cap of the coin cell press were made of Ultem� plastic (Comco Plastics, Incorporated). A
Teflon� coated Viton� o-ring is placed on top of the detector to confine the cell components
and the liquid electrolyte. Next, the carbon sample is placed in the cell press so that the
copper foil back of the carbon laminate electrode makes electrical contact with the circular
NMR detector element. A Celgard 2300 separator (Daramic, Incorporated) is placed above the
carbon sample and saturated with a liquid electrolyte; it is permeable to the electrolyte, but is
an electrical insulator that prevents an electrical short between the carbon laminate and lithium
metal electrodes. A lithium metal disc is placed above the separator. A copper disc is then
placed above the lithium disc and serves as a current collector. An electrically insulated wire
is attached to the centre of the copper disc and directed perpendicular to the surface through
a piston (Ultem�) and a brass thumbscrew, which is threaded through the cap of the press.
The cap of the coin cell press is secured to the base by four black nylon screws. The brass
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thumbscrew is used to apply pressure to the piston that in turn transmits a uniform pressure to
the stacked components in the cell. The application of sufficient and uniform pressure ensures
mechanical contact between the stacked components in the cell (anode, separator, cathode)
with the result that the external potential is uniformly applied to the battery electrodes. In
addition, the application of mechanical pressure to the piston simultaneously forms a gas-tight
seal at the interfaces of the o-ring and both current collector discs.

2.3. Electrochemical NMR detector operation

The rate of energy exchange between the principal detector element and the NMR spin system
is proportional to the strength of the RF magnetic field, B1. The magnitude of the field
inside the near-electrode imager is described analytically by B1 = A/r , where A is a constant
associated with the RF transmitter hardware and the efficiency of the detector, and r is the radial
distance from the centre axis. The functional form of B1 for the compression coin cell battery
imager cannot be described analytically. As a consequence of the spatial B1-inhomogeneity
in both types of detector, there is no common nutation angle for the nuclei following an RF
pulse. However, composite pulse sequences have been designed that reduce the effect of the
inhomogeneous B1-field on the NMR spectrum so that quantitative results can be obtained by
the usual process of peak integration [30].

In order to analyse a sample (gas, liquid, or solid) held adjacent to the principal detector
element, the compression coin cell battery imager is placed inside a static homogeneous
magnetic field oriented perpendicular to the surface normal of the principal detector element.
Transitions between adjacent nuclear magnetic energy levels are caused by the application of a
pulse of RF current to the principal detector element. Following the RF pulse, electromagnetic
RF signals emanate from the sample, are detected, and are recorded by a high-sampling-
rate analogue-to-digital converter. A Fourier transform converts the time-domain signal (a
free-induction decay) into the frequency-domain NMR spectrum. The NMR spectrum is
then analysed for quantitative speciation (chemical composition) using different NMR-active
nuclei in the sample (e.g., 7Li, 19F, 1H, 13C, 17O). Between NMR experiments the battery is
operated by connecting the potentiostat to a contact point on one rod that is connected to the
principal detector element, and to another contact point on a wire lead connected to the current
collector disc opposite the principal detector element. With this arrangement, alternating
in situ electrochemical and NMR analyses can be made of the battery disc components and
electrolyte.

The near-electrode imager and the compression coin cell battery imager can also be used for
imaging experiments. The detectors generate a radio-frequency (RF) magnetic field gradient,
∇B1, which can be employed for one-dimensional spatial imaging [6, 31]. Indeed, the well-
defined B1-field gradient within the near-electrode imager has been exploited for in situ imaging
applications in electrochemical cells [8, 11]. In contrast, the compression coin cell battery
imager does not have a simple analytical description for ∇B1. The NMR imaging experiments
are carried out in a homogeneous static B0-field so that the chemical shift and coupling constant
information for the sample can be recorded. The imaging methodology permits monitoring
the spatial distribution of individual species in a wide range of materials. In the case of in situ
investigations of coin cells, the imaging capability has been used to identify peaks in the NMR
spectrum that derive from reaction products located at the working electrode (cathode). While
the planar geometry of the compression coin cell imager easily accommodates flat laminate
electrodes it deviates from the simple cylindrical geometry of the near-electrode imager, and
the methodology for interpreting images obtained by the rotating-frame imaging (RFI) method
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is complicated [32]. We anticipate that increasing the surface area of the NMR detector relative
to the area occupied by the laminate electrode, and utilizing larger RF currents will simplify
the mathematical formulation for processing images with micrometre resolution.

The design of the compression coin cell imager is a significant departure from the
near-electrode imager because a flat circular disc replaces the central conductor (compare
figure 1(a) and figure 2). This type of NMR imaging probe is distinguished by its simplicity of
manufacture, ease of use, low cost, and high sensitivity. In contrast to conventional magnetic
resonance imaging probes and techniques, the new probe conforms to the coin cell geometry,
which maximizes the filling factor and the sensitivity for thin-film samples [33].

2.4. Electrochemical cycling

The electrochemical cycling experiments were conducted as follows. After the cell was
assembled as described in section 2.2, the cell voltage was noted and an initial 7Li NMR
spectrum was recorded. The time period required to record a spectrum was 11.4 hours, and
the recording was conducted overnight. The following day, the compression coin cell battery
imager was disconnected from the NMR spectrometer console and cycled (intact) through the
next cell transition using an EG&G model 273A potentiostat/galvanostat. The time period for
the lithium insertion and extraction transitions varied from one to five hours each. Following
each cell transition, the compression coin cell battery imager was disconnected from the
potentiostat and reconnected to the NMR spectrometer console and a 7Li NMR spectrum
was recorded. During acquisition of the NMR spectrum, the electrochemical cell was at open-
circuit potential. In the current implementation of the experiment, a ground loop between the
NMR spectrometer console and the potentiostat provides an additional parallel current path
that results in an error in the accumulated charge metered by the potentiostat. Therefore, we
disconnect the compression coin cell imager from the potentiostat during the acquisition of
the NMR data.

2.5. NMR spectrometer parameters

Wide-line 7Li NMR spectra were recorded at room temperature (298 K) using a
compression coin cell battery imager interfaced to a UNITYINOVA-300WB spectrometer
(Varian, Incorporated, Palo Alto, CA) at the following settings: spectrometer frequency,
116.592 080 MHz; spectral width, 100 kHz; radio-frequency pulse duration, 30 µs; data points
recorded in quadrature, 8192; no zero-filling prior to Fourier transformation; recycle delay,
10.0 s; transients per spectrum, 4096. One-dimensional NMR spectra were processed with
20 Hz line broadening. A first-order phase correction of 95◦ was applied to produce a purely
absorptive spectrum. The spin–lattice relaxation time constant for 7Li nuclei in the graphitic
carbon sample was not determined; however, from a series of previous experiments a recycle
delay of 10 s was determined to be suitable for lithium nuclei in all electronic environments in
lithium-ion cells except solvated Li+, which required a recycle delay of more than 60 s. All 7Li
NMR chemical shifts were referenced to 0.0 ppm, the chemical shift for lithium in a 1.0 molar
electrolyte solution of LiPF6 in a 1:1 mixture by volume of ethylene carbonate and diethyl
carbonate (Merck). An RF pulse length of 30 µs was chosen because it produced a purely
absorptive signal for all the different lithium species in the cell. Quantitative information about
the distribution of the different lithium signals is only achieved through a complete analysis
of an image experiment and will not be described here.
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3. Results and discussion

3.1. Electronic conductivity effects on NMR spectroscopy of electrodes

The spatial insertion of lithium ions from the electrolyte into graphite is driven by the reduction
of lithium ions in the graphite working electrode and the concomitant oxidation of lithium
atoms at the metallic lithium counter-electrode (�E > 0 in scheme 1). The process requires
that graphite conduct electrons. The electrical conductivity for graphite is about 15 orders of
magnitude higher than for diamond [34]. The large difference in conductivity is due to the
delocalized π -electrons in the two-dimensional graphite planes, compared to the exclusively
localized covalent bonds in the three-dimensional structure of diamond. The conductivity
of graphite is anisotropic with a bulk isotropic value of 7.273 × 104 	−1 m−1 (at 298 K).
The conductivity in the basal planes is one order of magnitude greater than in the direction
parallel to the surface normal (c-direction) [35]. The conductivity of graphite is more than two
orders of magnitude lower than for metallic lithium (∼10.6 × 106 	−1 m−1 at 298 K) [36].
The reductive intercalation of lithium in graphite to form LiC6 enhances the conductivity to
∼2.0 × 107 	−1 m−1 (at 298 K), over two orders of magnitude higher than for bulk graphite
alone, and within a factor of three of the conductivity of lithium [37, 38]. While electronic
conductivity is necessary for the operation of the electrochemical cell it has two significant
effects on the NMR spectroscopy experiments. First, the local phenomenon of electronic
shielding for nuclei in diamagnetic materials is extended to include long-range effects from
delocalized electrons. Second, the capacity of the electrode sample to conduct RF current may
be a contributing factor of an anomalous enhancement that is observed in the NMR sensitivity.

3.2. Electronic shielding of lithium nuclei in electrical conductors

The electronic (chemical) shielding of a nucleus is a molecular property that results from
the interaction of moving electronic charges with an external magnetic field. The interaction
manifests itself in an induced magnetic field whose components are described in general by
a non-symmetric second-rank tensor. In most diamagnetic materials the induced magnetic
field opposes (shields) the external inducing magnetic field. Therefore, the net magnetic field
experienced by the nucleus is smaller than the external magnetic field. The interaction is linear
with field strength over the range of magnetic fields currently available for NMR spectroscopy
and imaging. For electronic insulators, the chemical shift (a relative value for electronic
shielding) of a nucleus is a local electronic property, influenced by the electronic structure
within the dimensions of a few chemical bonds [39]. However, for electrical conductors, the
electronic effects on a nucleus derive from an extended environment [40, 41]. The electro-
chemical process of lithium intercalation in graphite produces a corresponding and continuous
change in the density of electronic states in the electrode material. The resultant variations
in electronic conductivity can directly affect the local electronic environment of the lithium
nucleus. Therefore, studies of 7Li chemical shifts versus the level of lithium loading in
graphite are necessary to define the number and types of local sites and the extended electronic
environments for lithium in intercalant materials. The mobility of lithium in graphite can also
affect the observed 7Li chemical shift because the nucleus experiences an average electronic
environment for all accessible sites. The intensive variables temperature and loading determine
the population distribution of lithium among the different sites. Having experimental control
of these variables will allow us to assign the observed resonance shifts to different local and
extended lithium environments.

A large electronic shift, termed the Knight shift, results from delocalized electrons in the
conduction bands of metals and semimetals [42, 43]. The 7Li NMR Knight shift is a useful



8278 R E Gerald II et al

electronic probe for the different lithium sites in electrode materials. The 7Li Knight shift in
LiC6 is ∼50 ppm and is not as large as it is in lithium metal and lithium alloys (280–128 ppm)
because the intercalate carbon material has a lower electronic conductivity [13, 28, 41, 44].
The chemical shifts of covalently bound lithium compounds have been measured, and fall
in a limited range (∼±6 ppm) because of the small number of electrons surrounding the
nucleus [45]. Therefore, one can determine from experimentally measured chemical shifts the
different lithium species present in an electrochemical cell. In extended delocalized electronic
systems, it is challenging to calculate Knight shifts. In metals, the density of states determines
the Knight shift and this in turn depends on morphology and impurity atoms. Paramagnetic
centres in the carbon matrix can cause large paramagnetic (deshielding) shifts. Our recent
computational and experimental studies on curved carbon lattices have shown that lithium in
corannulene and sepiolite-derived carbon have electronic multiplicities of 2 and 4 giving a
paramagnetic shift to the 7Li NMR resonance [12]. Exchange of lithium ions between carbon
sites with different electronic environments can result in observed resonance shifts that should
not be assigned to a single lithium (-ion) site. It is also possible that the lithium ions do not
spatially exchange, but instead the environment around the lithium ions changes. That is, the
lithium sites can undergo exchange through electron-transfer processes. This is probably the
case in electrode systems where the extended electronic structure can transform with different
degrees of lithium loading.

3.3. In situ 7Li NMR spectrum of the active components of an electrochemical cell

The capability of the compression coin cell battery imager for in situ NMR spectroscopy is
illustrated in figure 3. The 7Li NMR spectrum can be used to readily identify the speciation of
lithium in a Li-ion battery. The peak at ∼50 ppm in figure 3 has been assigned to the lithium ions
intercalated between turbostatically disordered graphene planes as well as to extended graphite
planes [46,47]. We have previously observed the 7Li electric quadrupole satellite singularities
in the powder pattern for lithium ions at the hexagonally symmetric sites in graphite using the
original coin cell battery imager apparatus [12]. The peaks at 150 ppm and −50 ppm derive
from the singularities in the powder pattern due to the +3/2 ↔ +1/2 and −3/2 ↔ −1/2
satellite transitions for Li-7 nuclei. Fortuitously, these singularities occur in regions of the
spectrum that do not interfere with other peaks of interest, such as the region for inorganic
and alkyl lithium near 0 ppm and the metallic lithium region near 275 ppm. For many carbon
materials, these singularities are not observed. A range of electric quadrupole interactions
deriving from different lithium sites that have similar Knight shift is one possibility for the
observation of a broadened centre band and very diffuse or undetectable satellite singularities.
Alternatively, a second reason would be an exchange mechanism where lithium ions move
between different sites with the result that the features of a single static powder pattern are
broadened. The lithium ions are mobile at 298 K and exchange between identical local sites
with a residency time of 10−5 s [46]. The asymmetry parameter for the electric field gradient
tensor is near zero. That is, the two principal components that are orthogonal to the largest
principal component (Vzz) are nearly equal. This is consistent with the model of a hexagonally
symmetric site for lithium. In the lithiated form of graphite, the graphite planes are in registry,
with aromatic rings both above and below the lithium ion sites. Because the interaction
between the magnetic dipole moment of the Li nuclei and the external static magnetic field
is much larger than the interaction of the electric quadrupole moment with the electric field
gradient at the nucleus (108 versus 101 kHz), the central line of the powder pattern is not
shifted by the second-order electric quadrupole coupling interaction. The absolute value of
the nuclear electric quadrupole (|e2qQ/h|) interaction measured in the spectrum in figure 3
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Figure 3. The in situ 7Li NMR spectrum for all the active components in a lithium-ion
electrochemical cell. The signature for metallic lithium at 275 ppm indicates the presence of
the lithium metal counter-electrode. The sharp peak at 0 ppm derives from solvated lithium ions
in the electrolyte. Bound lithium in the interphase between the electrolyte and the surfaces of the
electrodes yields resonances in the range ±6 ppm. The peak at ∼50 ppm is centred between two
broad satellite peaks. The group of three peaks represents the characteristic electric quadrupole
powder pattern for 7Li nuclei between two graphite planes.

is 45.1 kHz, which is similar to the value that we previously reported for a similar blend of
graphite [12]. The value for the ambient-temperature coupling constant reported by Roth et al
is 44.0 kHz [48] and that reported by Conard and Estrade is 48.0 kHz [46]. This interaction
is temperature dependent over a large temperature range and increases from about 44 kHz at
room temperature to 56 kHz at 4 K. No temperature dependence was observed for the Knight
shift over the same temperature range [48]. Qcc is also pressure dependent with pressure
applied along the c-axis and has a coefficient of 1.5 kHz kbar−1 [38]. For large Qcc only the
central transition will be observed and an additional second-order shift will effect the position
of the central transition frequency for very large Qccs. It is expected that lithium ions near
edges will have large Qccs and, therefore, part of the observed chemical shift will be due to
a Knight shift, which may be very weakly temperature dependent, and another part would be
due to the electric Qcc, which may be temperature dependent.

3.4. Electrochemical cycling of lithium in disordered graphitic carbon

The electrochemical lithium insertion curve (cell potential versus charge capacity) is shown in
figure 4. The 7Li NMR spectra that correspond to the break points are also shown. Note that
little change was observed in the spectral region for lithium metal. Therefore, no dendritic
lithium appears to have formed in the initial electrochemical cycles for this cell. The lithium
loadings shown in table 1 were calculated by integrating the current versus time curve associated
with the potential versus time plot. Dai et al suggested that their 17 ppm signal from a hard
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Figure 4. A composite graph illustrating the simultaneous acquisition of electrochemical voltage
profiles (sequential plots of the electrode potential versus cycle time at constant current) and 7Li
NMR spectra for the electrochemical insertion (discharge) and extraction (charge) at constant
current of lithium ions in a composite carbon working electrode. A 7Li NMR spectrum was
recorded at points labelled A–G on the voltage profile curve. The left inset represents the spectral
region for intercalated lithium (∼50 ppm) and covalently bonded lithium (±6 ppm), and includes
the lithium loading as a percentage of fully lithiated graphite (LiC6). That is, x in LixC6 (0 < x < 1)
is indicated and expressed in %. The right inset represents the 7Li resonance for metallic lithium,
the counter-electrode.

carbon corresponds to lithium sites located in amorphous hydrogen-containing regions of the
carbon [47]. With our approach, we make the more detailed assertion that the 17 ppm peak
does not seem to emerge until below 0.160 V when already 17.41% lithium uptake has occurred
(see transitions A–B–C in table 1). Lithium ions have high mobility at room temperature (site
exchange rate of 100 000 s−1) [46]. This means that if lithium ions exchange between different
sites that have shifts that are different by about 10 000 Hz, a single resonance for the Li-7 nuclei
will be observed. This may explain the variations in line shapes in the Li-7 NMR spectra as
functions of temperature (near room temperature) reported by Gautier et al [49]. Exchange
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Table 1. Cell transitions and corresponding cell voltages and capacities.

Initial/final Cycle Specific capacity Lithium loading: Time at open-
voltage time for lithium fraction of full circuit

Cell between between insertion/extraction specific capacityd voltage following
transitiona hold points (V) hold pointsb (h) during transitionc (mA h g−1) (%) cell transitione (h)

A → B 2.775/0.268 2.46 ins. 16.6 ins. 5.35 72
B → C 1.980/0.133 4.22 ins. 28.5 ins. 14.5 16
C → D 0.160/0.064 5.13 ins. 34.7 ins. 25.7 18
D → E 0.095/1.500 4.07 ext. 27.5 ext. 16.9 20
E → F 2.105/0.456 1.68 ins. 11.4 ins. 20.5 22
F → G 0.700/0.140 3.37 ins. 22.8 ins. 27.9 22

a Electrochemical staging. See figure 3.
b The time duration for galvanostatic discharging (lithium insertion, ins.) or charging (lithium extraction, ext.) of the
cell to the hold point for acquisition of the NMR spectrum.
c Charge was metered galvanostatically at a rate of +0.1 mA during lithium insertion (ins.) and −0.1 mA during
lithium extraction (ext.). A current density of 0.056 mA cm−2 was used, resulting in a full charge/discharge in 46
hours (rate: ±C/46). The charge equivalent of 1.0 mA h is 3.6 coulomb (C). The calculations were based on an active
carbon weight of 0.0148 g. Sample calculation: (0.1 mA × 2.46 h)/0.0148 g = 16.6 mA h g−1.
d The specific theoretical capacity for LiC6 is 372 mA h g−1 (1339.2 C g−1). The table entries are equivalent to x (in per
cent) for LixC6 (0 � x � 1). The calculations were based on an average value for the actual reversible specific capacity
of approximately 310 mA h g−1 for LiC6. Sample calculation: ((16.6+28.5)mA h g−1/310 mA h g−1)×100 = 14.5%.
An actual irreversible specific capacity of approximately 10% of the actual reversible specific capacity (∼31 mA h g−1)
was not considered.
e Time spent by the cell at the hold points (at the open-circuit potential) for acquisition of the NMR spectra.

appears to take place between a site in a small graphene sheet and a site near a paramagnetic
centre. The 12–17 ppm peak in our 7Li NMR spectra may represent sites for lithium ions that
are not located in regions with extended aromatic character, such as edge defect sites, where the
Fermi level is not as full as it is for low-stage lithiated graphite (LiC12–LiC6) [50]. Wang et al
observed a similar 7Li NMR spectral component centred at 11–13 ppm (with Qcc = 39 kHz),
which they assigned to surface-bonded lithium atoms or lithium ions located at edge sites [51].
Alternatively, the 12–17 ppm peak that we observed may correspond to high-stage lithiated
graphite as reported by Zaghib et al [52]. However, whereas Zaghib et al and Wang et al
reported Qcc = 39 kHz for a peak centred at 11–13 ppm, we did not observe a discernible
quadrupole pattern for the 12–17 ppm peak in our spectrum. Several different mechanisms
have been proposed for the electrochemical process of lithium intercalation in a wide variety
of carbon materials [35, 47, 53–61].

3.5. Following the formation of the solid-electrolyte interphase (SEI)

Lithium uptake to 0.160 V resulted in the formation of lithium compounds (e.g., LiCO3,
LiO2, LiR, LiOR) that are thought to comprise irreversible capacity of the electrode for
lithium [16, 62]. The 7Li NMR signatures for these compounds occur near 0 ppm [45]. This
is borne out by the spectra shown in figure 5. However, the 7Li NMR signals in this region
show reversible behaviour in the first charge. Perhaps the inorganic lithium materials build up
over the first few cycles with the result that the solid-electrolyte interphase (SEI) is dynamic
and not fully formed in the first discharge. The SEI observed for carbon obtained from the
pyrolysis of cotton cloth at 1300 K emerges during intercalation of lithium between potentials
of 1.1 and 0.1 V [47]. We have found that the products from the electrochemical reduction
of the electrolyte may not build up monotonically, but may appear to build up dynamically,
over multiple cycles. It is possible that our data can be explained by dissolution of the SEI
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Figure 5. 7Li NMR spectra for the expanded region near 0 ppm.

during a certain segment of the electrochemical cycle (e.g., during the initial portion of the
discharge curve) or during the period of time for the NMR experiment when the cell is at open-
circuit potential. This issue will be addressed more thoroughly in a modified experimental
scheme that will allow continuous control of the cell voltage during the NMR experiment. The
composition and the formation of the SEI has been investigated by several research groups,
and is currently the focus of intensive research efforts [47, 60, 63–66].

4. Conclusions

We have developed the compression coin cell battery imager, a device that allows in situ NMR
investigations of the electrodes in a button cell. In a single NMR spectrum it is possible
to identify the coexistence of multiple lithium species, including lithium in the electrolyte,
lithium in different intercalant environments, and inorganic lithium in the SEI. The lithium
speciation can be followed continuously throughout multiple charge/discharge cycles. The
compression coin cell battery imager allows the first true in situ observations to be made on
lithium insertion electrodes during the actual charge/discharge process. Using this device we
have found evidence for a transient response for graphite insertion electrodes that has not been
described previously. Thus, during the initial cycle of lithium insertion we have observed a 7Li
NMR resonance feature, which grows in at 12–17 ppm. This feature is reversible. It decays
during the subsequent lithium extraction process upon reversing the current. In addition, this
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spectral feature is not observed on the second cycle. In contrast, we find on the second cycle
only the formation of the standard 7Li NMR signature for intercalated graphite near 50 ppm.
Changes in the spectral region associated with the SEI were also found for the second cycle. We
will continue these investigations to determine the sites that are responsible for this transient
feature. Importantly, 7Li NMR spectral features at 12–17 ppm are normally associated with
irreversibly bound lithium. It is possible that the feature, which we found to be reversible
on a short timescale, can transform into irreversible lithium over longer evolution times. In
addition, we will investigate other carbon materials to determine how widespread these transient
processes are with the ultimate long-range goal of better understanding the chemical pathway(s)
for irreversible lithium formation in carbon insertion electrodes. Analogous experiments can
be performed to analyse decomposition of the electrolyte using 1H and 19F NMR. Although
challenging, it is also possible to monitor changes in the electronic structure of the graphite
directly by 13C NMR. In the future, it should be possible to spatially resolve the intercalated
lithium in the electrode from the lithium species at the counter-electrode and in the electrolyte
based on distance resolution using rotating-frame NMR imaging techniques. However, at this
time the B1-field dependence of the new flat coin cell geometry has not been rigorously defined
mathematically and calibrated. This study was performed in situ; however, potentiostatic
control was not maintained throughout the NMR experiments. An electronic modification to
the interface between the potentiostat and the spectrometer will make it possible to maintain
control of the potential throughout the NMR experiments. With additional refinements of the
cell and method developments, it should be feasible to measure lithium diffusivity at different
loadings of the carbon electrode, to monitor the distribution of lithium when the cell is allowed
to relax at different stages in the electrochemical charge/discharge cycle, and to track the mass
balance of lithium in its various forms in the anode, cathode, and electrolyte regions of the cell.
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