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ABSTRACT

Rechargeable batteries generate current through the transfer of electrons between paramagnetic
and/or metallic electrode materials. Electron spin probes, such as electron paramagnetic resonance
(EPR) and magnetometry, can therefore provide detailed insight into the underlying energy storage
mechanisms. These techniques have been applied ex situ, and more recently operando, to both
intercalation- and conversion-type batteries. After briefly reviewing the principles of EPR and
magnetometry, this perspective provides a critical discussion of recent studies that leverage these
tools to understand the local structure, defect chemistry and charge/discharge and failure
mechanisms of rechargeable batteries. Challenges in data collection and interpretation are
addressed and strategies to facilitate EPR spectral assignment and expand the scope of EPR and

magnetometry studies of battery systems are suggested.
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The 2019 Nobel prize honored John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino
for their contributions to the development of lithium (Li)—ion batteries. Ever since their pioneering
work resulting in the first commercially viable Li-ion battery based on a LiCoO. (LCO) cathode
and a graphitic anode, extensive efforts have been invested in energy storage research. The
discovery of LCO is owed, in part, to Whittingham’s seminal work on Li intercalation hosts' and
Goodenough’s substantial work on the magnetic and electronic behavior of transition metal
oxides.* High electronic conductivity and the high oxidation potential of the Co*/Co* redox couple
make LCO a rather good cathode material that is still in use today. We, and many others, find
inspiration in this example, which illustrates the interrelation between a material’s magnetic and
electronic properties and its performance as a battery electrode, and intimates the use of the
electron spin as a probe of redox processes in electrochemical energy storage systems. Two
techniques are appropriate, electron paramagnetic resonance (EPR) and magnetometry, which
interrogate the local environments of unpaired electrons, i.e., of open-shell species in the system,
and possible long-range magnetic couplings. A focus on local structure and local redox properties,
as obtained from a combination of these techniques, especially in the presence of defects or
compositional inhomogeneities, is indispensable in order to realize higher energy density and
structurally stable electrodes. As such, EPR and magnetometry have and will continue to make
significant contributions to our understanding of the function of electrode materials and inform the
design of next-generation chemistries.

Recent years have witnessed a strong push towards operando analysis of battery materials,
with the development of electrochemical setups (sample holders, probes, etc.) for real-time X-ray
absorption spectroscopy (XAS), X-ray diffraction (XRD), differential electrochemical mass

spectrometry (DEMS), transmission electron microscopy (TEM), and nuclear magnetic resonance



(NMR) measurements.” Techniques based on operando monitoring of electron spins occupy a
unique position in this gamut of techniques, yet are not as developed and widely used. In this
perspective, we briefly review the technical background of ex situ and operando EPR and
magnetometry and critically evaluate results from studies to date. We provide strategies for data
disambiguation and interpretation and argue that these two complementary techniques should be
used in conjunction. Finally, future opportunities for the application of EPR and magnetometry to
battery research are discussed.

Electron transfer processes during electrochemical (charge-discharge) cycling of a battery
result in the formation (or are enabled by the presence) of unpaired electrons in the bulk of the
electrodes. In insulating or semiconducting electrode compounds comprising redox-active
transition metal (TM) species, these unpaired electrons are localized in d orbitals and generally
result in Curie-Weiss paramagnetism under normal operating conditions. Bulk metal electrodes,
on the other hand, contain itinerant electrons and display Pauli paramagnetism. In both cases,
magnetometry and EPR can be used to monitor electron transfer mechanisms in real time and are
therefore ideal for full device analysis.

Magnetometry is the measurement of the magnetization (M) or magnetic susceptibility

(x = %) of a sample as a function of applied magnetic field (H) or temperature (T'). The evolution



of the room temperature magnetization M of the electrode with charge-discharge provides insight
into the sequence of redox processes and into the formation of metallic phases.

The temperature-dependent magnetic susceptibility (y) of Curie-Weiss paramagnets can
be fitted to the Curie—Weiss law above the critical temperature (the Néel temperature for

antiferromagnets and the Curie temperature for ferromagnets):

C
X= T—0 s (1)

Ccw

where C is the material-dependent Curie constant, T is the temperature, and 0., is the Curie
temperature. ¢y, is a measure of the strength of magnetic exchange interactions (J) mediated by

open-shell TM centers with spin S, as described by the approximate mean field expression

_ 25(S+1)zJ

Ocw = PR — (2)

where z is the number of interacting nearest-neighbor paramagnetic centers and kj is Boltzmann’s
constant. A negative 0., signifies an overall antiferromagnetic system, while a positive 0., indicates
a ferromagnetic material.

Magnetometry is a powerful tool for the study of conversion-type alkali-ion batteries,
where alloying reactions between the alkali species and the electrode often result in the formation
of ferro(i)magnetic nanoparticles. A characteristic hysteretic magnetization curve (M-H plot) for
a ferromagnet is shown in Fig. la. Fig. 1b illustrates the hysteretic magnetization loop for three

particle sizes. The corresponding plot of coercivity against nanoparticle size is shown in Fig. 1c.
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Figure 1. (a) Typical magnetization curve of a ferromagnet, featuring a saturation magnetization (M) at high
applied H field and a magnetic hysteresis resulting in a remanent magnetization (M,.) as the field is switched
off. A coercive field (H,) is required to reduce the magnetization of the material to zero after being driven to
saturation. Particle size effects on (b) the magnetic hysteresis loop and (c) the coercive field (H.). For
ferromagnetic materials, there exists a critical particle size 7, such that for particles with radius r > 1, the
hysteretic loop becomes narrower with increasing particle size, as shown with the orange and blue curves in
(b). Conversely, for r <1, the hysteresis loop starts to narrow with decreasing particle size, until the
superparamagnetic (SP) threshold is reached (3, dark red curve), when the magnetic response curve takes a
sigmoidal shape but loses the hysteresis.

Superparamagnetism occurs in ferro(i)magnetic nanoparticles consisting of a single
magnetic domain (@ = 3 -50 nm). In this regime, the magnetization of each particle behaves as a
single giant magnetic moment that randomly flips direction. The Néel relaxation time (ty) is the
critical reorientational time. When the magnetization is measured over time intervals 7 < Ty, a
blocked state occurs in which the measured magnetization is the instantaneous magnetization at
the beginning of the measurement because there was no direction flip. In this state, the
nanoparticles behave like normal paramagnets in an applied H field, but with a much higher
susceptibility. When the measurement time 7 >> Ty, a superparamagnetic state is observed

whereby the net moment is zero due to the fluctuations in magnetization.
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Figure 2. (a) Zeeman effect of an external magnetic field B, on the energy levels of a hypothetical two spin
system (S=1/2; 1=3/2) with axial symmetry, resulting in a parallel and perpendicular component of the g-
tensor, g and g1, respectively. (b) Simulated EPR spectrum of the isolated spin from (a) with hyperfine
splitting. (c) Simulated EPR spectra of spin concentrated systems exhibiting different linewidths, e.g., as
observed for paramagnetic battery electrodes at different states of charge. Simulations were performed with
EasySpin.»

EPR uses low energy microwave (MW) radiation to probe the energy levels of unpaired
electron spins that are split in an external magnetic field through the Zeeman effect (Fig. 2a).
Interactions between neighboring electron spins, or between electron and nuclear spins (hyperfine
interactions), provide insight into the local environment and oxidation states of open-shell species
in the sample. Notably, EPR is a site—specific technique, whereby each unique paramagnetic
environment results in a distinct spectral signature. This resolution is advantageous over more
standard characterization tools probing the long-range structure (e.g., XRD) or for which
significant signal overlap complicates the deconvolution of contributions from redox-active
species in various oxidation states (e.g., X-ray absorption near edge spectroscopy (XANES)). In
EPR, the “fingerprint” of a specific unpaired electron spin environment takes the form of a g-
tensor, which depends on the oxidation state, coordination geometry, and spin-orbit coupling
properties of the paramagnetic species under consideration. Isotropic spin systems can be fully

described using a single g-factor (a scalar value), while axial and rhombic systems require two (g,

and g1) and three (g., g,, and g) components, respectively. g-tensor components are experimentally



determined from the resonant field of the signal at a given MW frequency and/or from a fit of the
signal lineshape. A simulated EPR spectrum corresponding to a spin S=1/2 open-shell species in
an octahedral environment (local axial symmetry) and hyperfine coupled to a nuclear spin I=3/2
is shown in Fig. 2b. The EPR signal linewidth is affected by interactions with neighboring electron
spins. In general, both through space dipole-dipole and through bond exchange interactions are
present and have competing effects on the linewidth. Anisotropic dipole-dipole interactions, with
an r dependence, broaden the signal, while magnetic exchange (J) interactions lead to electron
hopping between coupled sites and an average electron spin resonant frequency, effectively
narrowing the EPR signal linewidth. Based on the phenomenological theory of Van Vleck" and
Moriya®, Stoyanova et al.” derived an expression for the peak-to-peak EPR signal linewidth, AH,,,:

2p2 {5(5+1)}3/223/2

AH,, = const *
e g %0 cw

N E)

where [ is the Bohr magneton, z is the number of nearest-neighbor paramagnetic centers with spin
S, and r is the distance between neighboring species. Compounds containing a high concentration
of open-shell TM species, such as many battery electrodes, often lead to the formation of a
percolating network of magnetic exchange couplings (Fig. 3a) and are in the exchange dominated
regime, where the EPR signal is averaged between the different sites and effectively narrowed
(Fig. 3b). Strong exchange interactions, such as those found in Ni*—Mn* systems, are expected to
lead to significant narrowing of EPR resonances. Table 1 shows the relative magnetic exchange
strengths for some transition metal combinations found in Li-ion batteries. The resulting exchange-
narrowed EPR signal lineshapes are Lorentzian in the center and fall off rapidly on either side of
the central frequency.* Due to dipole-dipole broadening effects, hyperfine splittings resulting from
electron-nuclear spin interactions are scarcely resolved in EPR spectra, as shown in the simulation

in Fig. 2c, and only an average g-factor can be obtained from a fit of the broad lineshape. Lastly,



the signal intensity is proportional to the number density of the corresponding local environment
in the sample, and can be used (semi-)quantitatively. Variation of these three parameters (g-tensor,
linewidth, and signal intensity) with temperature and battery state of charge (SOC) provide a
comprehensive picture of the processes occurring in rechargeable batteries.

(a) Percolating network (b) B

No exchange res1 res?
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Figure 3. (a) Cation lattice of a paramagnetic battery electrode material. The formation of an extended
network of magnetic exchange couplings between paramagnetic transition metal species in a matrix of
diamagnetic cations leads to EPR signal narrowing. Yet, significant clustering of open-shell transition metals
results in an increase in the threshold concentration for percolation. (b) Unpaired electrons at two different
transition metal sites result in distinct resonant fields, Brsi and Bres>. In paramagnetic battery electrodes, a
distribution of resonant fields leads to signal overlap and additional spectral broadening. However, in the
presence of magnetic exchange interactions, unpaired electrons hop between neighboring transition metal sites
and an average resonant field, B.., is obtained thereby narrowing the resonant signal. The degree of narrowing
is dependent on the strength of the magnetic exchange interactions, i.e., on the transition metal identity, orbital
filling and degree of orbital overlap (interaction angle). Most magnetic exchange interactions in transition
metal oxides are superexchange couplings mediated by oxygen atoms.

Table 1. Magnitude of common magnetic superexchange interactions in lithium transition metal oxides.

Angle of | Transition Relative Reference
interaction | metal Strength
identities
180° Ni2* — Nizt Very 15,16
strong




1800 Ni2+ _ Mn4+ strong 15,16
180° Ni** — Co** strong B
1800 Ni2+ _ Ni3+ moderate 15,16
180° Ni* —Co® | very weak | "
180° Ni** =Ni*" | moderate | '
900 Ni2+ _ Mn4+ strong 16
900 Ni2+ _ Ni2+ Weak 16
90° Mn*" —Mn*" | moderate | '°

An important consideration for the investigation of battery devices with EPR is the
existence of skin effects, which limit the penetration of MW radiation into metallic solids to a
surface layer with a depth § on the order of 100s of nanometers to micrometers at commonly used
X-band frequencies (~9.5 GHz). The diffusion of conducting electrons in and out of the skin of
the metal has a decisive effect on the shape and intensity of the observed resonance.”* A Dysonian
lineshape (a phase-shifted Lorentzian) is observed for metallic solids of thickness D >> §, while a
Lorentzian with no phase shift is observed for metallic structures with a thickness D = §. Hence,
the EPR lineshape can provide clues as to the size of metallic structures formed during
electrochemical cycling.

Magnetometry and EPR experiments can be performed ex sifu, where the battery is
disassembled after electrochemical cycling and electrode samples are extracted for analysis, or
operando, where battery components are characterized as the cell is charged and discharged. Ex
situ experiments are not time-constrained and can be carried out over a wide range of temperatures,
magnetic fields and MW frequencies. Ex situ experiments conducted outside of the typical

operating temperature range of battery devices can probe the magnetic ordering behavior of the
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electrode material via EPR and magnetometry. Additionally, measurements at cryogenic
temperatures result in enhanced EPR signal resolution and sensitivity, as well as longer signal
lifetimes, while high field high frequency EPR experiments can resolve small g anisotropies and
detect spin transitions with large energy splittings. Low temperature high frequency measurements
are particularly useful to investigate non-Kramers integer spin TM centers, such as Ni (S=1),
exhibiting strong zero field splitting (ZFS) interactions that lift the degeneracy of the spin states in
the absence of an external magnetic field. ZFS results in high energy EPR transitions that cannot
be excited at X-band frequencies, as well as fast signal decay. High frequency measurements are
restricted to ex situ studies as they generally require the material of interest to be loaded into a thin
sample tube — tube diameters for Q-band (34 GHz) and W-band (94 GHz) experiments are
1.6 mm and 0.9 mm, respectively—. Unlike ex situ experiments, which entail the collection of
many electrode samples at different states of charge to capture the behavior of a system, operando
experiments can follow the evolution of a single electrode sample over the entire operational range
of the electrochemical cell. Operando experiments also prevent sample damage that might occur
on removal from the cell and are better suited for detecting transient species and monitoring
reaction kinetics. Yet, despite the advantage of time-resolved data, the resolution of operando
measurements is limited by the presence of other necessary battery components, such as current
collectors, which introduce sharp and intense signals that overlap with the generally broad and low
intensity signals from paramagnetic electrodes. Moreover, MW absorption by electronically
conducting elements and high dielectric (aqueous and organic) electrolytes reduces the quality (Q)
factor of the EPR resonator cavity, which indicates how efficiently it stores MW energy, and the

overall sensitivity of the measurement.
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The limited number of real-time EPR and magnetometry studies of secondary batteries to
date is in part due to the challenges of operando cell development. EPR and magnetometry
measurements involve the application of a strong magnetic field to the sample, requiring non-
standard battery designs to minimize interactions with the electrical circuit, as well as shielding
effects. For example, metal casings used in research-standard coin cells or Swagelok-type batteries
must be replaced, while all the time ensuring that sufficient pressure is applied to the battery stack

to maintain good electronic contact between individual components.

EPR studies of TM-based battery electrodes. Paramagnetically-dilute electrodes are
advantageous for EPR studies as they enable the analysis of hyperfine splittings and the
determination of g-tensor components, providing detailed information on the local structure. This
has motivated several studies on diamagnetic LCO cathodes (containing low spin octahedral Co*)
doped with paramagnetic TM species.”> In such systems, large g-tensor anisotropies (Ag = g1 — g,
indicate distortions of the paramagnetic TMO, octahedra. For instance, Mladenov et al.” elegantly
deduced the distribution of diamagnetic Mg> dopants in LCO from the g-anisotropy of inherent
Ni+impurities. For systems containing more than one paramagnetic spin environment or species,
differentiating between individual g-tensors is complicated by signal overlap at X-band
frequencies. This limitation can be overcome with high field EPR, where larger Zeeman splittings
increase signal resolution, as demonstrated by Stoyanova et al* on a Ni/Mn co-doped LCO
cathode. The authors identified Ni+ and Mn* EPR signatures by matching their lineshapes to Ni+-
doped LCO and Mn+-doped LCO, as shown in Fig. 4a, and used ZFS parameters extracted from
fits of the EPR data to obtain trigonal distortion angles for MnO, octahedra. Generally, resolution

enhancements obtained on paramagnetically-dilute electrodes do not persist upon electrochemical
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cycling, as redox reactions taking place on charge-discharge result in a change in the magnetic

character of TM species and in the formation of spin-concentrated systems.
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Figure 4. (a) High frequency (285 GHz) EPR spectra collected on a series of LiCo..NiMn.O, cathodes. As
the paramagnetic ion concentration decreases (decrease in x), the fine structure of EPR signals is further
resolved. At x=0.01, distinct Ni»and Mn~ spectral signatures are identified by comparing with spectra obtained
on Ni» doped LiCoO. and Mn+ doped LiCoO.. Fig. 4a reproduced with permission from reference 25. (b) Ex
situ EPR spectra obtained on cycled Na..V+(PO.).O.[F.. cathode samples. The label above each spectrum
indicates the state of charge, where 1.00c signifies 100% charged, and 1.00d signifies 100% discharged. V
oxidation states were assigned based on the average g-factor of the two EPR signals. The evolution of V= and
Vs« species was monitored through changes in the intensity of the two resonances, which provided evidence
for the participation of V~ in charge compensation processes. Fig. 4b reproduced with permission from
reference 26.

In paramagnetically concentrated systems, EPR enables the detection of TM clusters
through dipole-dipole and magnetic exchange interactions. Departure from a statistical distribution
of paramagnetic species can be identified using eq. (3) and has been attributed to cation ordering
in a variety of electrode systems, including layered and spinel transition metal oxides. > Further
evidence for the formation of TM clusters can be obtained from the onset of exchange narrowing
of the EPR signal. In systems featuring TM clustering, the onset of exchange narrowing occurs at
a higher TM concentration than that expected based on a homogeneous distribution of

paramagnetic species, as shown in Fig. 3. For example, it has been shown that exchange narrowing
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begins at x = 0.62 for LiNi,Co,.O., despite the x = 0.5 percolation threshold for layered TM oxide
systems featuring a 2D triangular lattice, which highlights the tendency for Ni and Co species to
cluster and prevent the formation of a continuous network of magnetically coupled Ni* ions.”

EPR measurements as a function of charge can provide key insights into redox and
structural processes in electrode materials. For instance, gradual changes in the average g-factor
are indicative of smooth changes in oxidation states, as occurs in solid solution reactions.”
Alternatively, two-phase reactions can lead to the evolution of new EPR signals, such as in the
V.0, system studied by Gourier et al.» Upon discharge past the reversible limit, the authors detected
the formation of an electrochemically-inactive phase with EPR, which provided an explanation for
capacity loss in VO, cathodes. Another example is provided by Chao et al.», who studied mixed-
valent Na,V,»+(PO,).O.,F.,. cathodes at different states of charge using parallel-mode EPR, which
enables the detection of integer spins such as V* (d*, S=1), and found evidence for the oxidation of
V: species previously thought to be redox-inactive in this system, as shown in Fig. 4b. More
recently, researchers have claimed to detect oxidized oxygen species at high voltages in alkali rich
cathodes, whose anomalous capacity is often attributed to anionic redox.**

Significant progress in operando EPR data processing and analysis has been made by
Niemoller et al.» The introduction of a ruby reference into the operando EPR-electrochemical cell
enabled them to correct for signal phase changes due to the cell’s evolving impedance during
electrochemical cycling, and a methodology was devised to monitor battery processes through a

combined analysis of the
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Figure 5. (a) Operando X-band EPR dataset collected on the LiNi.Mn..O.scathode, including the
electrochemical profile (cell voltage vs. time, top panel) and corresponding changes to the cathode’s EPR
signal intensity (middle panel) and linewidth (bottom panel). Sequential redox events (I-V) are identified on
the basis of the observed cell potential and of voltage regions corresponding to different rates of change (slope)
of the EPR signal intensity and linewidth, as follows. Charge processes: (I) oxidation of residual Mn* in as-
prepared O-deficient LiNi..Mn,.O.s; (II) partial oxidation of Ni» to Ni* for those Ni species adjacent to the
Mn= species in (I); (II) oxidation of the remaining Ni> species to Ni+; (IV) oxidation of Ni~ species formed
in (III) to Ni~. Discharge processes: (V) reduction events occur in the reverse order as compared to the charge
processes listed above. Fig. 5a reproduced with permission from reference 32. Copyright 2018 American
Institute of Physics. (b) Operando X-band EPR dataset collected on the Li.Ni..Mn,«Co..O. cathode:
electrochemical profile (top panel) and corresponding changes to the cathode’s integrated EPR signal intensity
(bottom panel). The large decrease in the EPR signal integral at the beginning of charge is assigned to the
oxidation of Co» to Co, followed by the oxidation of Ni» to Ni+ and eventually Ni-. Although significant
capacity is observed over the 4.5 V plateau in the electrochemical profile, no EPR signal is observed over this
potential range, which the authors attribute to O redox processes. Fig. 5b reproduced from reference 33.

evolution of the signal intensity and linewidth as a function of charge. Within this scheme, changes
in TM oxidation states are monitored through the degree of exchange narrowing, which not only

depends on the concentration of paramagnetic centers, as previously seen, but also on the nature
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and strength of magnetic couplings (J) between neighboring TM species. In transition metal
oxides, these couplings are dominated by TM-O-TM superexchange interactions, which in turn
depend on the electronic configuration of the coupled TM species, TM-TM distances and TM-O-
TM bond angles and can, in simple cases, be predicted by the empirical Goodenough-Kanamori
rules (Fig. 3b).+*= Using this methodology, Niemdller et al. identified sequential redox processes
on charge-discharge of the spinel LiNi.Mn,.O.s cathode® on the basis of potential regions
corresponding to different rates of change (slope) of the EPR signal intensity and linewidth, as
shown in Fig. 5a. Notably, EPR’s unique sensitivity to local redox processes allowed the resolution
of two distinct Ni* oxidation processes, whereby Ni species closest to Mn* defects (and likely O~
vacancies) in the as-prepared LiNi,,Mn,,O.s cathode are oxidized first. These local processes are
not discernable with electrochemical methods nor with XANES, yet provide crucial information
on the impact of defects on the electrochemical properties of battery electrode materials.”

EPR data interpretation remains a complex task and, in the absence of corroborating
evidence, incomplete or erroneous conclusions can be made. We note, for instance, the tendency
of EPR studies on TM oxide cathodes to attribute charge compensation processes to oxygen
species based on ambiguous observations and without further support from techniques that provide
complementary insight into redox events (e.g., XANES, resonant inelastic X-ray scattering). An
operando EPR study of the LCO cathode interpreted the absence of EPR signal during cycling
between 3.0 and 4.2 V vs. Li/Li as evidence for purely O-based charge compensation processes
and for the electrochemical inactivity of Co* species, even though prior work"» has provided
unequivocal evidence for Co*+ redox in this prototypical cathode material. Since Co* species have
been observed at X-band frequencies and at room temperature in related materials», the absence of

a detectable EPR signal as LCO is electrochemically cycled could result from the metal-insulator
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transition reported upon delithation®, as such processes are known to cause EPR signal decay.” A
recent operando EPR study of the Li,.Ni,.Mn,..Co,,.O, cathode rationalized the absence of EPR
signal over the plateau at approximately 4.5 V vs. Li/Li in the electrochemical profile (see Fig.
5b) to the oxidation of O* species in the bulk.®* While consistent with previous reports attributing
the characteristic high voltage plateau of Li-excess layered Li..M..O. cathodes to O redox, this
analysis is problematic in various ways. First, several experimental parameters, as well as the spin
properties of the electrode material, are expected to evolve over the course of the operando
measurement, and these have a direct impact on the integrated EPR signal intensity. Specifically,
changes in the EPR signal lifetime, in the magnetic susceptibility of the cathode and in the Q factor
of the resonator>. Second, no consensus has been reached on the exact charge compensation and
structural processes at play in Li..M,.O. cathodes, and mechanisms that do not involve O-based
redox have been proposed.® Hence, if using the integrated EPR signal intensity as the sole metric
for identifying redox processes, it is particularly important to eliminate confounding factors. For
example, the evolution of the Q factor of the resonator can be accounted for by using a ruby
reference», while changes in the magnetic properties and EPR signal lifetime of the cathode can
be monitored by conducting ex sifu magnetometry and low temperature EPR experiments.
Moreover, the absence of EPR signal over the 4.5 V plateau is surprising given that both EPR-
active Co* and Mn* have been reported at high voltage*, and warrants further studies investigating
the origin of signal disappearance. More generally, the absence of an EPR signal at X-band
frequencies and at room temperature is an ambiguous result and should be treated with caution,
since high energy electron spin transitions in, e.g., paramagnetic species subject to ZFS cannot be

excited and fast EPR signal decay can be an issue.
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EPR studies of Li microstructures formed during electrochemical cycling. EPR experiments
are uniquely positioned to monitor the evolution of metallic Li microstructures in Li-ion batteries.
At X-band frequencies, skin effects limit the penetration of MWs to about one micron into bulk Li
metal”, such that a Lorentzian signal with zero phase shift is observed for Li structures with a sub-
micron radius, while a Dysonian lineshape is obtained for thicker Li structures and smoothly plated
Li, as shown in Fig. 6a. EPR methods have therefore been used to quantify (Fig. 6b)** and image
mossy and dendritic Li (Fig. 6¢).«~ Researchers have also taken advantage of conducting electron-
nuclear spin interactions to identify Li microstructures using related electron-nuclear double
resonance (ENDOR) methods* and, more recently, to hyperpolarize nuclei through DNP in the
solid electrolyte interphase (SEI) forming at the surface of Li metal anodes». Although Na is also
EPR active”, to the best of our knowledge, no EPR studies of Na metal anodes have been published

to date.
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Figure 6. (a) Li metal microstructures that are much
thicker than the skin depth 8 = 1.1 pm at X-band
Denditic lithium frequencies lead to an EPR signal with a
characteristic Dysonian lineshape (red spectrum).
Microstructures that are on the same scale as  (e.g.
dendritic and mossy Li) lead to Lorentzian EPR
signals with no phase shift (blue and green spectra).
Fig. 6a reproduced from reference 47. (b) Operando
quantification of dendritic Li with EPR. The top and
‘J\Mhiﬂ_ bottom panels show two voltage profiles for a
3380 3362 3364 3360 3368 3300 LiFePO./Li cell cycled with (red, bottom) and without
B, (mT) (black, top) a fluoroethylene carbonate (FEC)
Y e e s sy R i additive in the electrolyte. The middle panel shows
the normalized Li signal for both cells, which
SEN2 demonstrates the suppression of Li dendrites in FEC-
containing cells. Fig. 6b reproduced from Wandt et
al» with permission from the Royal Society of
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EPR studies of beyond Li-ion batteries. EPR has been used to investigate Li—S and Li—O,
batteries, where the energy storage mechanism results in the formation of radical species.
Compared to paramagnetic TM species, S- and O-based radicals have longer relaxation times,
resulting in higher sensitivity.» Additionally, these radicals are generally present in liquid phases,
leading to motionally-narrowed signals and high resolution EPR spectra. Several operando or ex

situ EPR studies of Li-S cells have monitored the concentration of long-lived S, radicals in Li-S
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cells, to gain insight into the polysulfide dissolution mechanisms resulting in rapid performance
degradation.*= Oxygen radicals that form in Li—O, batteries are, on the other hand, highly reactive,
and EPR studies have employed spin traps, which are reagents added to the electrolyte solution
that form stable EPR active adducts with radical oxygen species, to elucidate the mechanism of O-

based reactions s

Magnetometry studies of battery electrodes and devices. For electrode materials exhibiting
Curie-Weiss behavior, the bulk magnetic susceptibility y and Weiss constant 6., can provide
insights into the local structure and the presence of defects'*. An analysis of TM-O-TM magnetic
exchange interactions is particularly useful to monitor structural rearrangements in layered
transition metal oxide cathodes. = For instance, Li/Ni> antisite disorder in Li,Ni,.Mn,,O,, whereby
Li- and N1 ions exchange positions in the layers, results in 180° interlayer TM-O-Ni* couplings
that are stronger than 90° intralayer TM-O-TM interactions (Fig. 7a), and the large decrease in the
low temperature bulk magnetic susceptibility across a series of cathode samples collected at the
beginning of charge (Fig. 7b) has been attributed to preferential oxidation of TM ions involved in

180° interlayer exchange couplings.*
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Figure 7. a) Li/Ni» antisite disorder in layered oxides leads to strong 180° interlayer TM-O-Ni»
superexchange interactions (red) compared to the weaker 90° intralayer TM-O-TM superexchange
interactions (blue). (b) Ex sifu temperature-dependent bulk magnetic susceptibility measurements for
LiNi,:Mn,;O. samples. A rapid loss of magnetization is observed in the range 1.0 = x = 0.7, which suggests
that TM species involved in the 180° interlayer couplings are oxidized first on charge. Fig. 7b reproduced
from reference 16.

Beyond ex situ studies, very few operando magnetometry studies have been published to
date. Unlike any other characterization technique, magnetometry can provide detailed insight into
the nucleation and growth of ferromagnetic nanoparticles. Hence, it is perhaps unsurprising that
the very first operando magnetometry study of a battery device was carried out on the conversion
electrode FeSb. by Gershinsky et al.* The two-step conversion process on lithium insertion results
in the formation of ferromagnetic Fe nanoparticles: (1) FeSb, + 4 Li < LiFeSb. followed by (2)
LiFeSb. + 2 Li & 2 Li.Sb + Fe. The stepwise increase in the room temperature cell magnetization
measured with each new lithiation process (Fig. 8a) was attributed to the steady growth of Fe
nanoparticles with increasing cycle number® and a switch from superparamagnetic to
ferromagnetic behavior as the individual particles reached a size greater than the critical radius (r.,
see Fig. 1). Notably, these results demonstrated that irreversible coarsening of metallic
nanoparticles in conversion electrodes occurs even when the electrochemical profile remains
relatively unchanged from one charge-discharge cycle to the next (Fig. 8a). Ex sifu magnetic
hysteresis measurements indicated that the conversion of FeSb, into separate Fe and Sb phases was
already complete after the first lithiation and that Fe was no longer involved in the conversion
process after the initial charge, leading the authors to propose a new reaction mechanism: 2 Li.Sb
+ Fe & 2 Sb + Fe + 6Li.» Overall, this study proves that magnetometry can provide quantitative
information on electrochemical processes when these involve the formation of a ferromagnetic

phase, crystalline or amorphous, during cycling. More recent operando magnetometry studies of
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conversion electrodes have investigated the Fe,O, Li-ion system* and the electrochemical sodiation
of FeSb..» Regarding intercalation electrodes, Wiirschum and coworkers have explored redox
processes in layered oxides’» and NASICON-type® cathodes by comparing changes in the
magnetic susceptibility on charge-discharge to theoretically predicted changes based on various
TM redox scenarios.

One particularly powerful application of magnetometry, which highlights the sensitivity
and versatility of the technique, is high-throughput contactless battery diagnostics. Hu et al.«
developed a susceptometry setup to spatially resolve weak induced magnetic fields in commercial
Li-ion pouch cells. In a series of experiments on cells prepared and cycled under various
conditions, the authors showed that the magnetic susceptibility, used as a proxy for state of charge,
was inhomogeneously distributed across mechanically-deformed cells or when these were
discharged beyond their rated voltage range (Fig. 8b).# This diagnostic technique is in principle
scalable and could be adapted to screen larger commercial-type cell designs, such as those used in
the electric car industry, in their target form factors. Importantly, this method could provide
detailed spatial information about the battery state, and possible internal defects and damage,

without compromising the cell.»
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Figure 8. (a) Operando magnetometry data collected on the FeSb. conversion anode over several charge
(lithiation)-discharge(delithiation) cycles. The electrochemical profile of the electrode is shown in black and
the magnetic moment at 300 K in blue. The stepwise increase in magnetization with successive lithiation steps
was attributed to coarsening of Fe nanoparticles formed in the initial charge process. Fig. 8a reproduced from
reference 58 with permission from the Royal Society of Chemistry. (b) Magnetic susceptibility maps of a Li-
ion pouch cell at different depths of discharge (discharge capacity shown below the plots). The pouch cell
position is indicated by the black rectangular box with battery leads to the left of the box. The spatial
distribution of the magnetic susceptibility decreases non uniformly from left to right, indicating heterogeneous
reaction rates across the cell when the latter is discharged beyond its rated voltage range. Fig. 8b reproduced
from reference 64.

While powerful tools for the study of battery processes, EPR and magnetometry results by
themselves can be ambiguous. Their interpretation ought to be supported by corroborating
evidence and by a robust theoretical framework, to prevent contradictory statements as to the
nature of the electrochemical processes at play, as have been made for even prototypical electrode

compounds such as LCO .«
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As mentioned earlier, many factors can affect the EPR signal intensity and linebroadening,
and an analysis based on such parameters needs to consider all factors that can affect the EPR
response of the system. Importantly, the magnetization M (or y) of a phase is directly related to its
EPR signal intensity, while the strength and nature of the magnetic interactions (J) are related to
the EPR signal linewidth. Hence, we argue that EPR and magnetometry should be used in
combination, whereby a semi-quantitative analysis of the evolution of the EPR signal intensity and
linewidth is compared against variations in the cell magnetization during cycling. Additionally,
density functional theory (DFT) calculations of magnetic moments and exchange couplings on
model compositions representative of charged/discharged states of the electrode material of
interest can provide insight into the evolution of its EPR signal, M and y with electrochemical
cycling. This approach would allow, for example, to confirm the assignment of redox processes
occurring at potentials where the EPR signal intensity/broadening and the magnetic susceptibility
do not change significantly despite significant charge storage capacity being recorded, as observed
in many Li-excess layered oxide cathodes.”* Ex situ EPR experiments at high fields and high
frequencies can excite spin transitions with large energy splittings and greatly enhance spectral
resolution. Consequently, operando and ex situ EPR measurements are best employed in
combination, ex situ spectra providing high resolution “snapshots” of time-resolved operando data
and facilitating operando data interpretation. Furthermore, ex sifu power saturation experiments,
whereby the integrated EPR signal intensity is monitored as the MW power is gradually increased,
are useful to distinguish between EPR resonances with similar g values. For instance, while oxygen
radical signals have a g-factor close to the free electron g-value (g. = 2.00),* polarization-type EPR
signals (the oxygen radical) and conduction electron signals can easily be differentiated on the

basis of their MW power relationship.© Finally, ex situ EPR measurements at cryogenic
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temperatures enable the observation of short-lived or fast relaxing species, but one then needs to
consider possible structural, charge-ordering or magnetic ordering transitions at low temperatures
that might affect the EPR data.

The unparalleled sensitivity of EPR and magnetometry to changes in chemistry and
electronic structure calls for a thorough characterization of electrode materials using a range of
techniques, to avoid data misinterpretation. Specifically, the presence of defects or compositional
inhomogeneities in the starting electrode material can greatly affect EPR and magnetometry
results. For instance, special care should be taken to identify magnetic impurity phases that could
obscure EPR and magnetometry data interpretation, e.g., through ex situ variable-temperature
magnetometry measurements. Neutron diffraction can be used to quantify antisite disorder in Ni*-
containing layered oxides and provide clues as to the origin of the strong antiferromagnetic
interactions observed upon Li/Ni* exchange between layers. The oxidation states of TM species
can be obtained through XANES measurements to correctly identify paramagnetic centers that
contribute to the EPR signal, to the bulk magnetization and susceptibility at a given state of charge.
While average oxidation states are generally deduced from XANES data, EPR can determine the
relative distribution of oxidation states and provide clues as to the proximity of magnetically
coupled TM species, as demonstrated by Niemoller et al.»

EPR and magnetometry are bound to play an important role in the discovery of next-
generation battery chemistries and in our understanding of their working principles and failure
mechanisms. We focus here on future opportunities for the study of all-solid-state, Li-S, Li-O. and

conversion batteries, which are particularly attractive due to their high theoretical energy densities.
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The ability to quantify dendritic or mossy Li has important implications for the study of
solid electrolyte systems, which have been proposed to prevent dendrite growth on account of their
high bulk modulus and to enable the safe use of Li metal in all-solid-state devices. Since dendrite
growth has been observed in ceramic electrolytes at high cycling rates, real-time quantification of
Li dendrites through operando EPR could shed light on the relative role of a high impedance
interface, cycling rates and temperature on the formation of dendritic Li. EPR is also particularly
well suited for the investigation of organic, Li-S and Li-O. batteries involving the
formation/quenching of radical species on charge and discharge. Importantly, the very large
theoretical capacities of Li-S and Li-O, systems are overshadowed by poorly reversible
electrochemical processes that are not well understood. As of now, EPR has seldom been used to
investigate the sources of irreversibility, leaving plenty of opportunities for future work. Finally,
the application of advanced spectroscopic techniques is key to shed new light on electrochemical
conversion mechanisms and to envisage new ways to improve the performance of conversion
electrodes. EPR and magnetometry are uniquely suited for probing the growth of ferromagnetic
particles in, e.g., Fe-based conversion systems and for determining whether or not a conducting
network is formed that enables reversible electron transfer processes during electrochemical
cycling.»«< Notably, conversion reactions result in the formation of metastable phases that relax to
more stable states with time,* warranting the use of operando EPR and magnetometry to study
the kinetics of relaxation processes.

EPR and magnetometry offer a rare perspective on structural and redox processes from the
standpoint of electron spins and magnetic interactions between redox-active species, holding
promise for breakthroughs in our understanding of electrochemical energy storage devices.

Significant advances have recently been made in operando EPR and magnetometry cell
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development and data processing, opening new avenues for real-time investigation of local redox
processes, phase transformations and structural rearrangements during charge-discharge. Data
interpretation remains a complex task, which we believe could be greatly simplified through the
concurrent use of operando EPR and magnetometry, as well as complementary scattering and X-
ray absorption techniques to thoroughly characterize defects and compositional inhomogeneities
that could affect EPR and magnetometry results. While EPR and magnetometry remain broadly
unexplored by the battery community, they are uniquely positioned to provide atomic-level insight
into the function of next-generation all-solid-state, Li-S and Li-O,, as well as conversion battery

chemistries.
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